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ABSTRACT 
STRATEGIES TO INCREASE LIPID OXIDATIVE STABILITY OF A LOW MOISTURE 
CRACKER SYSTEM  
February 2019 
THANH P. VU, B.A., HO CHI MINH CITY UNIVERSITY OF TECHNOLOGY 
M.A., THAMMASAT UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Eric A. Decker 
 
Lipid oxidation mechanisms in low moisture foods are poorly understood. This is a challenge in 
developing antioxidant strategies in low moisture foods. Effective antioxidants can increase shelf 
life of products and reduce food waste which is 40 percent of food produced in America. Hence, 
understanding lipid oxidation mechanisms in low moisture foods is necessary. Within low 
moisture food category, crackers along with grain-based snacks are one of the top saturated fat 
contributors in American diet. Replacing saturated fat by polyunsaturated fat could have a 
positive impact on consumers’ health. Polyunsaturated fat could be protected from oxidation if 
oxidation mechanisms are more fully understood. Therefore, it is very important to understand 
lipid oxidation mechanisms in low moisture food systems to increase healthiness and maintain 
shelf life of food products at the same time. 
The first study focuses on impact of solid fat content (SFC) on lipid oxidation and micro-
structure of low moisture crackers. A series of fats were formulated to have varying SFC but the 
same linoleic acid (18:2) and tocopherol compositions so the fats had similar susceptibility to 
oxidation. A comparison of the oxidative stability of interesterified soybean oil and a blend of 
fully hydrogenated soybean fat and soybean oil, the interesterified fat (13.7% SFC at 55 C) 
resulted in a more oxidatively stable cracker than the fat blend (17.4% SFC at 55 C). Similarly 
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in crackers were made from different fat blends: fully hydrogenated soybean oil + interesterified 
soybean oil (HI, 32.0% SFC at 55 C), fully hydrogenated soybean oil + sunflower oil (HS, 
24.9% SFC at 55 C), and palm shortening + sunflower oil (PS, 13.2% SFC at 55 C) , lipid 
oxidation increased with increasing SFC. Confocal microscopy suggested that with increasing 
SFC, saturated fatty acids formed solid crystals which in turn would produce a fat phase that was 
more concentrated in polyunsaturated and thus more susceptible to oxidation. This suggests that 
interesterified fats which are less susceptible to solid-liquid fat separation might produce more a 
more oxidatively stable cracker. 
The second study examines the influence of water activity (aw), sugars (glucose, maltose, 
maltodextrin, and cyclodextrin), and proteins on lipid hydroperoxides and hexanal lag phases of 
model crackers. Oxidative stability of crackers was in an order: aw 0.7 > aw 0.4 > aw 0.2 > aw 
0.05. High water activities resulted in bigger differences between hydroperoxides lag phases and 
hexanal lag phases. Compared to non-reducing cyclodextrin and no added sugar controls, 
reducing sugars including glucose, maltose, and maltose dextrin at a same dextrose equivalence 
increased both hydroperoxides and hexanal lag phases. Crackers had glucose equivalence and 
oxidative stability in an order: maltose > maltodextrin > glucose > control (no sugar added). The 
antioxidant effectiveness of maltose, a low sweetness profile sugar, increased with increasing 
concentrations from 1.1 to 13.8%. Increasing aw increased the antioxidant effect of maltose. For 
example, 1.1% maltose increased both hydroperoxides and hexanal lag phases by 9 days at aw 
0.2, but increased hydroperoxide lag phase by 24 days and hexanal lag phase 15 days at aw 0.7. 
Gluten showed was able to inhibit lipid oxidation with activity increasing with increasing aw 
while casein showed no antioxidant impact. Antioxidant ability of gluten decreased when 
sulfhydryl groups in gluten were blocked by N-ethylmaleimide suggesting that cysteine was an 
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important antioxidant component of gluten. Water activity, reducing sugars and gluten could be 
strategies to increase oxidative stability of low moisture crackers.   
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 CHAPTER 1 
 LITERATURE REVIEW 
 
1.1 Introduction 
Lipid oxidation impairs nutrition, quality and shelf life of food products. To prevent oxidative 
degradation, understanding mechanisms of lipid oxidation in food systems is important. Food 
systems such as bulk oils and oil-in-water emulsions have gained a great deal of research interest 
in last few decades. However, mechanisms of lipid oxidation in other systems have not been as 
intensely addressed. In low moisture food systems such as breakfast cereals, spray dried powder, 
granola bars, potato chip, and pretzels, or bakery products like cookies and crackers, lipids are an 
important ingredient that determines shelf life and physical properties of these foods. Studies on 
lipid oxidation in these systems regarding to fundamental mechanisms, however, have been very 
few.  
The high amounts of solids, low amounts of water and multiphase properties of low moisture 
foods could result in oxidation mechanisms different from those observed in other systems such 
as bulk oils, oil-in-water emulsions, or meats. The first part of this review discusses the 
importance of physical structure on the chemical reactions of lipid oxidation in food systems. 
Extruded foods and crackers are used as examples to demonstrate how the physical 
characteristics of low moisture foods impact lipid oxidation mechanisms which have not been 
observed in bulk oils or oil-in-water emulsions.  
The second part is to review internal factors including water activity and solid fat content and 
natural additives such as sugars and proteins in relation to lipid oxidation in food systems. 
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Knowledge of water activity and solid fat content in other food systems such as bulk oils and oil-
in-water emulsions could be utilized to help understand lipid oxidation in low moisture foods. 
Influence of sugars and proteins in low moisture food systems versus other systems are also 
addressed and discussed.  
 
1.2 Lipid oxidation mechanisms in low moisture foods could be different from oxidation 
mechanisms in other food systems. Why? 
Theoretically, lipid oxidation starts when hydrogen is removed from fatty acids to form alkyl 
radicals. These radicals will undergo several oxidation steps and eventually become low 
molecular weight volatile compounds that cause rancidity. Unsaturated fatty acids are more 
prone to oxidation because the energy required to remove allylic hydrogen is much lower than 
energy needed to remove hydrogen from saturated fatty acid (Min & Boff, 2002; K. M. Schaich, 
2005). Fatty acid profile is not the only factor determining oxidative stability of food products 
since factors such as prooxidant and antioxidant composition and their concentrations also 
impact lipid oxidation rates. Physical structure also determines how molecules interact with each 
other and since the structures of different food systems are different, interactions between food 
components are not always the same. Therefore, mechanisms of lipid oxidation in low moisture 
food system may not be the same as those in bulk oils or oil-in-water emulsions. 
Physical structure is known to be an important factor in lipid oxidation in bulk oils and oil-in-
water emulsions. Bulk oils and oil-in-water emulsions have both hydrophilic and lipophilic 
phases and the interface between these two phases is important for lipid oxidation chemistry. In 
3 
 
bulk oils, association colloids are formed by minor surface-active compounds such as mono- and 
di-acylglycerol, phospholipids, sterols, and free fatty acids (Chen, Han, McClements, & Decker, 
2010; K. Kittipongpittaya, Panya, McClements, & Decker, 2014). These surface-active 
compounds form structures that stabilize water within the non-polar continuous oil phase. On the 
other hand, in oil-in-water emulsions, the lipid core is stabilized by emulsifiers within a 
continuous aqueous phase. The water-lipid interface in both bulk-oils and oil-in-water emulsions 
is important for lipid oxidation because the main oxidation substrates, lipid hydroperoxides, are 
also surface active. In addition, surfactants often make the water-lipid interface negatively 
charged and this can attract prooxidant metals. This means that the water-lipid interface can 
concentrate both lipid hydroperoxides and metals increasing lipid oxidation reaction rates (Choi, 
Decker, Henson, Popplewell, & McClements, 2010; Mancuso, McClements, & Decker, 2000; 
Mei, McClements, Wu, & Decker, 1998; Nuchi, McClements, & Decker, 2001; Villiere, Viau, 
Bronnec, Moreau, & Genot, 2005). 
The antioxidant polar paradox also describes the impact of the water-oil interface on antioxidant 
activity in bulk oil and oil-in-water emulsion systems. Hydrophilic antioxidants are generally 
more effective in bulk oils, while lipophilic antioxidants are generally more effective in oil-in-
water emulsion system. Because hydrophilic antioxidants migrate to the water-lipid interface of 
the dispersed water phase in association colloids (e.g. reverse micelles), they are more effective 
in bulk oils. In oil-in-water emulsions, lipophilic antioxidants are retained in the lipid droplets 
and many are surface active, so they also concentrate at the water-lipid interface where they can 
effectively scavenge free radicals from the decomposition of lipid hydroperoxides. Therefore, 
lipophilic antioxidants are most effective in oil-in-water emulsions (Frankel, Huang, Kanner, & 
German, 1994; Porter, 1980). 
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Unique physical structure of low moisture food could lead to different oxidation mechanisms. 
Physical structure of low moisture food systems is dramatically different than either bulk oils or 
oil-in-water emulsions. Low moisture foods are described as foods with water activity (aw) 
lower than 0.5. Examples of foods in this category are cookies, crackers, breakfast cereals, spray 
dried powder, granola bars, potato chips, and pretzels (Schmidt & Fontana, 2008). Because of 
the high amount of bound water in low aw foods, molecular mobility is limited. Also, low 
moisture foods often contain crystalline components (e.g. starch or sugar), further limiting 
diffusion rates. An important physical characteristic of some low moisture foods is that they are 
multi-phase systems, and interaction between phases are complicated (Hu, 2016).  
In low moisture foods that are extruded, physical structure is an important factor determining 
lipid distribution and oxidation. When extruded corn starch was in a glassy state (moisture 
content 11.2%), it could protect linoleic acid from oxidation (Gray, Bowen, Farhat, & Hill, 
2008). However, non-encapsulated lipid or surface lipid was still oxidized. The oxidation rate 
increased when micro-cracks appeared because micro-cracks on the surface exposed the lipid to 
oxygen which promoted oxidation. When extruded corn starch was rubbery (moisture content 
28.1%), oxygen diffused inside the matrix, hence oxidation occurred no matter if surface lipid 
was removed or not.      
In a low moisture cracker system, confocal images showed interfaces between proteins, 
carbohydrates, lipids, and air (Barden, Vollmer, Johnson, & Decker, 2015). According to these 
authors, the physical properties of crackers altered lipid oxidation mechanisms compared to other 
food systems. For example, formation of the secondary oxidation product, hexanal, which is 
formed by the decomposition of lipid hydroperoxide, was different in the cracker system, in 
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comparison to bulk oils, oil-in-water emulsions, or meats. In the cracker system, lipid 
hydroperoxide was formed after 7 days incubation at 55 C in the dark. Hexanal was detected 
over 20 days after the hydroperoxide lag phased ended. However, this does not happen in bulk 
oils, oil-in-water emulsions or meats where hexanal was detected at the same time or only a few 
days after hydroperoxides were  detected (Ketinun Kittipongpittaya, Panya, & Decker, 2016; 
Panya, Laguerre, Bayrasy, Lecomte, Villeneuve, McClements, et al., 2012; Pignoli, Bou, 
Rodriguez-Estrada, & Decker, 2009). These authors suggest that the physical structure of 
crackers makes hydroperoxide more stable because the low diffusion conditions make it difficult 
for iron promote the decomposition of the hydroperoxides.   
 
1.3 Iron is an active pro-oxidant in other systems, but maybe less reactive in the low 
moisture food system 
Transition metals such as ferrous iron are strong catalysts of lipid oxidation (K. M. Schaich, 
2005). Metal ions promote lipid oxidation by reducing lipid hydroperoxides into alkoxyl radical 
(RO•) or peroxyl radical (ROO•). Alkoxyl radical and peroxyl radical are active and attack other 
fatty acid molecules to generate more free radicals and hydroperoxides. Transition metals are so 
important in lipid oxidation in bulk oils and oil-in-water emulsions that chelating transition 
metals is an extremely effective antioxidant strategy (Chen, Panya, McClements, & Decker, 
2012; Díaz, Dunn, McClements, & Decker, 2003; Faraji, McClements, & Decker, 2004; Tong, 
Sasaki, McClements, & Decker, 2000). Ethylenediaminetetraacetic acid is a one of the most 
effective chelators but as an artificial food ingredient it is not favored by many consumers. 
Proteins can chelate metals and partition metals away from the water-lipid interface thus 
6 
 
decreasing metal-lipid hydroperoxides interactions. The interface of oil-in-water emulsions can 
also be designed to have a positive net charge so that transition metals are repelled away from 
lipid-water interface (Donnelly, Decker, & McClements, 1998; Hu, McClements, & Decker, 
2003b; Mancuso, McClements, & Decker, 1999). Oil-in-water emulsions can also be designed 
with thick emulsion droplet interfaces which could provide a barrier preventing interaction 
between metals and lipid hydroperoxides (Chaiyasit, Silvestre, McClements, & Decker, 2000; 
Dalgleish, Srinivasan, & Singh, 1995; Silvestre, Chaiyasit, Brannan, McClements, & Decker, 
2000). 
However, according to Barden et al. (2015) in a cracker system, transition metals are not strong 
prooxidants as they are in oil-in-water emulsions and bulk oils. Iron at a concentration of 0.04%, 
which was 10 times higher than iron concentration in regular flour (0.0046%) did not promote 
lipid oxidation in the cracker system. When metal chelators such as citric acid, desferrioxamine, 
and ethylenediaminetetraacetic acid were added into crackers, oxidative stability remained 
unchanged.  
Hu (2016) suggests that the inhibition of transition metals in low moisture foods could be due to 
a change in the reduction potential of transition metals. If low moisture foods change the 
reduction potential of metals or if the metals are not able to redox cycle, this could decrease their 
ability to decompose hydroperoxides thus increasing the gap between hydroperoxides and 
hexanal formation.   
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1.4 Influence of internal factors, water activity and solid fat content, and natural 
additives, sugars and proteins, on lipid oxidation in low moisture food systems 
Water activity is one well known factor that could impact lipid oxidation rates in low moisture 
foods. Other factors could be important as well, but little is known how the properties of a low 
moisture food will impact their role in lipid oxidation. These factors include solid fat content and 
the presence of natural food additives with potential antioxidant activity such as proteins and 
sugars. The second part of this review will focus on the effects of water activity, solid fat 
content, sugars and proteins on lipid oxidation in other food systems. We will also discuss their 
potential to help control lipid oxidation in low moisture food systems.   
 
1.4.1 Water activity  
Water activity is an important factor in the oxidative stability of various food systems. Early 
studies on the relationship between lipid oxidation rate and water activity (aw) for some low 
moisture foods resulted in a J-shape curve that can be divided into 4 regions (Labuza & Dugan, 
1971). When aw is close to zero (first region), lipid oxidation rates are intermediate. In the second 
region, aw = 0.2-0.3 resulted in the lowest oxidation rates. Further increases in aw in the third 
region (0.3-0.9) increases lipid oxidation. However, when aw is close to 1 (fourth region), lipid 
oxidation rate is, again, reduced. Systems that have been found to have this type of J-shape 
relationship include freeze dried cellulose coated methyl linoleate (Maloney, Labuza, Wallace, & 
Karel, 1966), walnuts (Rockland, Swarthout, & Johnson, 1961), freeze dried beef (Quaglia, 
Sinesio, Veccia‐Scavalli, Avalle, & Scalfati, 1988) and potato chips (Quast & Karel, 1972). The 
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water activities at which cellulose coated methyl linoleate powder, walnuts, freeze dried beef and 
potato chips are most oxidatively stable are 0.2, 0.3, 0.3, and 0.4, respectively.  
However, the J-shape relationship between aw and lipid oxidation does not apply to all food 
systems. Instead of the J shape relationship, lipid oxidation in wheat flour has a bell shape 
relationship with aw. Wheat flour stored at aw 0.5 experienced highest oxidation; while storage at 
aw values of 0.3 and 0.8 resulted in low oxidation (Lee, Lee, & Choe, 2006). Another type of 
relationship is a linear one between aw and lipid oxidation rates. In macadamia nuts (Cavaletto, 
Dela Cruz, Ross, & Yamamoto, 1966) and dried Porphyra algae (Choe & Oh, 2013), lipid 
oxidation increased as aw increased. Similarly, lipid oxidation in whole milk powder was lowest 
at aw lower than 0.2 and become pronounced at aw above 0.3 (Stapelfeldt, Nielsen, & Skibsted, 
1997). 
In contrast to macadamia nuts, dried Porphyra algae, and whole milk powder, lipid oxidation in 
freeze dried fish (Pimpo & Seri, 1992) and ground frozen beef (Sun, Senecal, Chinachoti, & 
Faustman, 2002) is high at low relative humidity but inhibited at higher relative humidity. 
Similarly, lipid oxidation in freeze dried encapsulated emulsions is lower at a high aw. The 
authors propose that this reduced oxidation at increasing aw was due to a collapse of the powder 
matrix and oil coalescence induced by sucrose crystallization (Ponginebbi, Nawar, & Chinachoti, 
2000).  
Given the fact that food matrixes can affect chemical reaction rates, it is not surprising that the 
impact of aw on lipid oxidation in different foods is not always the same. Therefore, water 
activity alone cannot be used to predict the oxidative stability of foods. This could be because 
changes in aw not only impact chemical reactions through processes like diffusion but also result 
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in changes in physical structure which eventually could impact lipid oxidation by affecting the 
distribution and accessibility of components such as exposure of lipids to oxygen.  
Within low moisture food category, dried microencapsulated emulsified oil has a very different 
structure with cracker system. Dried microencapsulated emulsified oil has oil droplets 
surrounded by carbohydrates and proteins (Bakry, Abbas, Ali, Majeed, Abouelwafa, Mousa, et 
al., 2016) while crackers have starch granules surrounded by a lipid (Barden, Vollmer, Johnson, 
& Decker, 2015). In the dried microencapsulated emulsified oil the carbohydrate/protein matrix 
(wall material) protects oil from lipid oxidation by inhibiting oxygen diffusion to the lipid. An 
exception, an un-encapsulated lipid can migrate to the surface of powder where it is susceptible 
to lipid oxidation (Gejl-Hansen & Flink, 1977). However, water addition to the encapsulation 
powder barrier causes the carbohydrate/protein to dissolve and release the oil-in-water emulsion, 
changing the conditions for lipid oxidation. Even small amounts of water cause the 
carbohydrate/protein to hydrate, changing the crystallinity of the wall material and releasing lipid 
to the surface like the observation in whole milk powder mentioned above.  
As mentioned above, crackers have a continuous lipid phase surrounding the starch granules with 
air dispersed through the system (Barden, Vollmer, Johnson, & Decker, 2015). Thus, the lipid is 
exposed widely to air both from the outside surface of crackers and from the air cells inside 
crackers. The relationship between aw and lipid oxidation in a cracker system has not been 
published to our knowledge. However, changing aw could result in changes in physical structure 
which could impact lipid oxidation mechanisms.  
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1.4.2 Solid fat content  
Solid fat content (SFC) characterizes the percentage of lipid which is solid at a certain 
temperature. SFC could be described as a fraction from 0 to 1 or as percentage from 0 to 100%. 
In oil-in-water emulsion systems, SFC is an important factor influencing lipid oxidation, 
depending on physical arrangement between solid and liquid lipids. Effect of solid octadecane on 
oxidation of methyl linolenate in oil-in-water emulsion is an example (Okuda, McClements, & 
Decker, 2005). When octadecane solidified, lipid oxidation rate, which was evaluated by 
hydroperoxides and thiobarbituric acid reactive substances, increased. These authors suggest that 
octadecane solidification resulted in a migration of methyl linolenate to the surface of lipid 
droplets. This increased exposure of methyl linolenate to prooxidants, e.g. iron, in aqueous 
phase, and hence increased oxidation rate. The migration of lipophilic compounds upon 
crystallization was clearly shown using electron paramagnetic resonance (Berton-Carabin, 
Coupland, & Elias, 2013). Spin probe 16-doxyl-stearic acid was in both the lipid emulsion 
droplets and the emulsion droplets interface when the lipid was liquid. However, upon 
crystallization, 16-doxyl-stearic acid probe became concentrated at the interface of the emulsion 
droplets. In other research, solid fat was found to slightly reduce oxygen transport into emulsion 
droplets but the expulsion of oxidizable molecules to the surface of the emulsion droplets where 
oxygen concertation was high, limited the ability of solid lipids to decrease oxidation rates 
(Tikekar & Nitin, 2011).  
However, the protective ability of solid lipid can be increased if solid and liquid lipids are 
arranged in a way that the solid lipid forms a shell encapsulating core liquid lipid. The solid shell 
inhibits the oxidation by protecting the liquid core from water soluble prooxidants or slowing 
11 
 
oxygen diffusion. Saturated fat is used to build the shell because it does not oxidize, and it will 
be solid at room temperature. To develop emulsion droplets with a solid lipid shell, emulsifiers 
are required to induce nucleation and crystallization of the lipid at the oil/water interface 
(Douaire, di Bari, Norton, Sullo, Lillford, & Norton, 2014). This can be accomplished because 
the tail groups of the emulsifiers act as templates to promote lipid nucleation at the lipid droplet 
surface. This system has been shown to protect lipid soluble bioactive compounds from 
oxidation. The bioactive lipids in the core could be -3 fatty acids (Salminen, Helgason, 
Kristinsson, Kristbergsson, & Weiss, 2013) or vitamin A dissolved in fish oil (Salminen, 
Gömmel, Leuenberger, & Weiss, 2016).  
These studies suggest that in complex food systems, solid fat may have an impact on lipid 
oxidation in baked products. Solid fat content is an important factor that impacts the quality of 
bakery products because solid fats play an important role in building the physical structure of 
baked products. However, solid fats are not the only fat in bakery products as there is always 
some liquid oil that is susceptible to oxidation. In addition, even solid fat can have oxidizible 
fatty acids if it contains unsaturated fatty acids, but the overall fatty acid content still makes the 
triacylglycerol solid. There have been few studies investigating whether solid fat content impacts 
lipid oxidation in bakery products.  
 
1.4.3 Sugars 
Antioxidant or prooxidant activity of reducing sugars (e.g. fructose and glucose) and non-
reducing sugars (e.g. sucrose and mannitol) have been studied in oil-in-water emulsion systems 
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where sugars are introduced into the aqueous phase. Reducing sugars could be either antioxidant 
or prooxidant, depending on their concentrations. Fructose could stabilize fish oil-in-water 
emulsion (Schroeder & Muffett, 1990) at a ratio of fructose to oil 6:10 or 32.7:10 w/w. 
Compared to fructose, glucose had a similar impact on oxidation rates, but its overall antioxidant 
activity was less. The antioxidant mechanism of reducing sugar in oil-in-water emulsion has 
been proposed to be due to the ability of reducing sugars to donate electron to free radicals. On 
the other hand, at low concentrations of reducing sugars, prooxidant activity has been observed 
in multiple studies. Fructose: lipid ratios lower than 1:10 w/w lead to a rapid lipid oxidation in 
fish oil-in-water emulsion (Schroeder & Muffett, 1990). Similarly, a concentration of 6.3x10-4 
mole sugar/mole methyl linoleate resulted in acceleration of oxidation in oil-in-water emulsions 
(Mabrouk & Dugan, 1961). Some other studies on methyl linoleate-in-water emulsion also 
showed that fructose at a same molar concentration with methyl linoleate, accelerated methyl 
linoleate oxidation (Mabrouk, 1964; Yamauchi, Aoki, Sugiura, Kato, & Ueno, 1982). Reducing 
sugars have been proposed to be prooxidant in oil-in-water emulsions because they can reduce 
transition metals such as ferric iron to ferrous, which is a strong promoter of hydroperoxide 
decomposition and thus free radical generation (Yamauchi, Goto, Kato, & Ueno, 1984).  
Non-reducing sugars can also show an antioxidant effect in oil-in-water emulsion systems. For 
example, sucrose at an equal molar ratio of sucrose: methyl linoleate, inhibited methyl linoleate 
oxidation (Yamauchi, Aoki, Sugiura, Kato, & Ueno, 1982). Ponginebbi et al. also found that 
adding 14% w/w sucrose solution to a 0.50% wt/vol linoleic acid oil-in-water emulsion increased 
oxidative stability. In this study, the high amount of sucrose (28 times the amount of linoleic acid 
and above) did not increase antioxidant activity (Ponginebbi, Nawar, & Chinachoti, 1999). In a 
case of a safflower oil-in-water emulsion, sucrose at a concentration double the concentration of 
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oil (by weight) or more still slowed down lipid oxidation (Sims, Fioriti, & Trumbetas, 1979). 
Without sucrose, oxidation of safflower oil-in-water emulsion was so rapid that no lag phase was 
observed. There are two mechanisms by which non-reducing sugars could function as 
antioxidants. First, high sugar concentration increases oil-in-water emulsion viscosity, and high 
viscosity decreases oxygen absorption or mobility of reactants. A low oxygen concentration in 
the aqueous phase results in high oxidative stability (Joslyn & Supplee, 1949; Sims, Fioriti, & 
Trumbetas, 1979). Second, hydroxyl groups in sugars can scavenge free radicals. Mannitol, a 
sugar alcohol, has been reported as an effective hydroxyl radical scavenger (Cederbaum, Dicker, 
& Cohen, 1980; Shen, Jensen, & Bohnert, 1997). Similar to mannitol, other sugar alcohols such 
as glycerol were suggested to prevent oxidation because hydroxy groups on their molecules 
could also scavenge hydroxyl radicals in dry condition (Yamauchi, Aoki, Sugiura, Kato, & 
Ueno, 1982). 
Oil-in-water emulsions and low moisture foods have very different physical organizations of the 
lipids. Water makes up most of the oil-in-water emulsions and forms a continuous phase in oil-
in-water emulsions. While in low moisture food systems, water accounts for a minor component, 
it does not form a continuous phase and it is likely associated with other molecules (e.g. 
carbohydrates and proteins). Therefore, its unknown how sugars impact lipid oxidation in low 
moisture foods. Yamauchi et al. (1982) studied lipid oxidation in sugar-oil dry systems. The first 
sugar-oil dry system was reducing sugars (maltose, galactose, glucose, fructose, arabinose, and 
xylose) that were blended with methyl linoleate at a same molar concentration. The samples 
were prepared by making sugar and methyl linoleate solutions in ethanol followed by 
evaporation of the ethanol. In the second system, safflower oil was dissolved in ethyl ether 
followed by addition of sugar and cellulose powder and evaporation of the ethyl ether. Oxidation 
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studies were then conducted at low or high humidity. Lipid oxidation was inhibited by reducing 
sugars only at low humidity. However, it is unclear why reducing sugars are antioxidants only at 
low water activity. Also, this simple model system is very different from foods, so it has been 
unknown how sugars impact lipid oxidation in more complex systems. 
Low moisture foods, such as bakery products contain proteins and introducing reducing sugars 
into bakery formulations could increase the Maillard reaction. Maillard products have been 
reported to chelate metals such as iron and copper (Gomyo & Horikoshi, 1976), scavenge active 
oxygen (Hayase, Hirashima, Okamoto, & Kato, 1989) and scavenge free radicals via donation of 
hydrogen atoms (Yen & Hsieh, 1995). Even without adding reducing sugars, the Maillard 
products were suggested to play an important antioxidant role in bakery products (Gebreselassie 
& Clifford, 2016). Therefore, studies on the effects of reducing sugars on lipid oxidation in 
bakery products need to be concerned about the formation and role of Maillard products on 
oxidative stability. 
 
1.4.4 Proteins 
The antioxidant activity of proteins has been a subject of much food research as summarized in 
Table 1. Most proteins exhibit antioxidant activity with the exception of heme-containing 
proteins whose iron can be prooxidative (Baron & Andersen, 2002; Berton, Ropers, Bertrand, 
Viau, & Genot, 2012; Roginsky, Zheltukhina, & Nebolsin, 2007). Antioxidant proteins have 
been described from dairy (e.g. whey protein, casein, α-lactalbumin, β-lactoglobulin, and 
lactoferrin), animal plasma (e.g. bovine serum albumin and apo-tranferrin), fish (gelatin) and 
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plant (e.g. soy protein, pea protein, and gliadin) sources have been identified (see Table 1 for 
references). These proteins inhibit lipid oxidation in a variety of food systems including oil-in-
water emulsions, water-in-oil emulsions, cheese, ground meat, and encapsulated oil powders. 
Among these systems, oil-in-water emulsions have been used widely to study the antioxidant 
capacity of various proteins and mechanisms at which proteins act as antioxidants. Fundamental 
antioxidant mechanisms of proteins have been reviewed and discussed (Elias, Kellerby, & 
Decker, 2008). Proteins inhibit lipid oxidation in food by chelating transition metals such as iron 
or copper, scavenging free radicals, and reducing lipid hydroperoxides to nonreactive hydroxyl 
fatty acids. In addition, proteins can form complexes with secondary oxidation products to 
decrease volatility of oxidation products and thus rancidity (Leaver, Law, & Brechany, 1999; 
Meynier, Rampon, Dalgalarrondo, & Genot, 2004). Depending on characteristics of certain food 
systems, proteins inhibit lipid oxidation by additional mechanisms. For example, in oil-in-water 
emulsions stabilized by proteins, either an interface thickness or a positively charged protein 
interface can inhibit interactions between lipid core and prooxidants (e.g. iron), to decrease lipid 
oxidation rates (Dalgleish, Srinivasan, & Singh, 1995; Dimitrova & Leal-Calderon, 1999; 
Dimitrova, Leal-Calderon, Gurkov, & Campbell, 2001; Hu, McClements, & Decker, 2003a). 
Non-interfacial proteins in oil-in-water emulsions also play an important role in oxidative 
stability of the emulsion system. When unabsorbed protein is removed, oxidation rate increases. 
It could be because in the water phase, proteins bind metals and partitions them away from the 
lipids and decreases reactivity (Berton, Ropers, Viau, & Genot, 2011; H. Faraji, McClements, & 
Decker, 2004; Kargar, Spyropoulos, & Norton, 2011; Ries, Ye, Haisman, & Singh, 2010). A 
limitation of proteins as metal chelators is that their chelating activity occurs obviously when pH 
of food is higher than pI of proteins (H. Faraji, McClements, & Decker, 2004). Since most 
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proteins have pI values of 4.0-5.5, they are not active chelators in many acid foods (e.g. salad 
dressings). 
Table 1.1. Proteins as antioxidants (a) and prooxidants (b) in different food systems (continued 
onto next few pages) 
(a) 
Food system Protein Reference 
Cookies added Sardine oil 
powder 
Egg white powder Taguchi, Iwami, Ibuki, & Kawabata, 
1992 
Encapsulated linoleic acid Gliadin Iwami, Hattori, Yasumi, & Ibuki, 1988 
Eicosatetraenoic acid ethyl 
ester encapsulated by 
maltodextrin 
Soy protein Park, Murakami, Mori, & Matsumura, 
2005 
Low-fat cheeses Whey protein Dalsgaard, Sørensen, Bakman, Nebel, 
Albrechtsen, Vognsen, et al., 2011 
Water-in-walnut oil 
emulsions 
Whey protein 
isolate 
Zhu, Yi, Dong, Lu, & Ding, 2015 
Boiled ground beef Whey protein 
concentrate 
Beef plasma 
Shantha & Decker, 1995 
Ground pork Spray-dried 
porcine plasma 
Faraji, Decker, & Aaron, 1991 
Oil-in-water emulsion Gliadin 
Caseinate 
Whey protein 
Qiu, Zhao, Decker, & McClements, 2015 
Pea Protein Jiang, Zhu, Liu, & Xiong, 2014 
α-lactalbumin 
β-lactoglobulin 
Horn, Wulff, Nielsen, & Jacobsen, 2013 
β-casein 
Bovine serum 
albumin 
Berton, Ropers, Bertrand, Viau, & 
Genot, 2012 
β-Lactoglobulin 
β-casein 
Bovine serum 
albumin 
Berton, Ropers, Viau, & Genot, 2011; 
Berton, Ropers, Guibert, Solé, & Genot, 
2012 
Sodium caseinate Kargar, Spyropoulos, & Norton, 2011 
Whey protein 
isolate 
Fish gelatin 
 
Taherian, Britten, Sabik, & Fustier, 2011 
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Caseins 
Whey protein 
isolate 
Ries, Ye, Haisman, & Singh, 2010 
β-lactoglobulin Elias, McClements, & Decker, 2007 
Bovine serum 
albumin 
Almajano, Delgado, & Gordon, 2007 
Sodium Caseinate Kellerby, Gu, McClements, & Decker, 
2006 
Whey protein 
isolate 
Soy protein 
isolate 
Sodium caseinate 
Faraji, McClements, & Decker, 2004 
Whey protein 
isolate 
Sweet whey 
β-lactoglobulin  
α-lactalbumin 
Hu, McClements, & Decker, 2003a 
Casein 
Whey protein 
isolate 
Soy protein 
isolate 
Hu, McClements, & Decker, 2003b 
Lactoferrin Satué-Gracia, Frankel, Rangavajhyala, & 
German, 2000 
Apo-transferrin Mancuso, McClements, & Decker, 1999 
Whey protein 
isolate 
Donnelly, Decker, & McClements, 1998 
   
(b) 
Food system Protein Reference 
Muscle 
Muscle-based foods 
Myoglobin Baron & Andersen, 2002 
Oil-in-water emulsion Metmyoglobin Berton, Ropers, Bertrand, 
Viau, & Genot, 2012 
Methyl linoleate in micellar 
solutions 
Metmyoglobin Hemin Roginsky, Zheltukhina, & 
Nebolsin, 2007 
Oil-in-water emulsion Sodium Caseinate Villiere, Viau, Bronnec, 
Moreau, & Genot, 2005 
 
Encapsulated lipids are another system in which proteins function as antioxidants. In addition to 
metal chelating and free radical scavenging, proteins barrier protects lipid from oxidation by 
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preventing oxygen transfer from environment to lipid core (Matsuno & Adachi, 1993). For 
example, eicosatetraenoic acid ethyl ester was less stable when encapsulated in maltodextrin than 
in both maltodextrin and soy protein. Soy protein addition at a ratio of oil: soy protein: 
maltodextrin = 10:1:40 w/w could inhibit oxidation, and the inhibition effect was more 
significant at a relative humidity of 70%, compared to a relative humidity of 10% (Park, 
Murakami, Mori, & Matsumura, 2005). Gliadin at an approximate ratio gliadin to linoleic acid of 
6:1 w/w increased oxidative stability of spray dried linoleic acid (Iwami, Hattori, Yasumi, & 
Ibuki, 1988). The lipid hydroperoxides lag phase was longer when gliadin was included in the 
wall material. Compared to gliadin encapsulated linoleic acid stored at aw 0.3, powders stored at 
aw 0.55 and aw 0.85 were more stable. 
The ability of proteins to protect lipids from oxidation depends on techniques that are used to 
encapsulate the lipid. Spray drying is the most common used technique in the industry (Matsuno 
& Adachi, 1993). Under the same ratio of sardine oil: egg white (1:9 w/w), spray dried sardine 
oil powder was more stable than freeze dried sardine oil powder (Taguchi, Iwami, Ibuki, & 
Kawabata, 1992). An increase in lipid hydroperoxides value was observed in freeze dried sardine 
oil powder after 2 weeks of storage, but no increase in hydroperoxide value was observed in 
spray dried samples after 4 weeks under the same storage conditions.  
It has been unclear whether proteins can inhibit lipid oxidation in low moisture food systems; 
however, lipid cooxidation of proteins at low moisture levels has been reported. Lipid oxidation 
generates lipid free radicals which attack proteins and change protein structure (K. M.  Schaich, 
2008). Lipid oxidation generates lipid free radicals which attack proteins and change protein 
structure (Potes, Kerry, & Roos, 2014). The protein composition of whey protein isolate was α-
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lactalbumin (14.2 kDa), β-lactoglobulin (18.4 kDa), bovine serum albumin (66.2 kDa), and 
immunoglobulin G (160 kDa). After 19 weeks of storage, proteins with molecular weights of 29 
to 36 kDa were formed only in the presence of lipids. This indicated that interactions between 
whey proteins and lipid or radicals originating from the lipids lead to aggregation and covalent 
cross-link of the proteins. In a fried tortilla chip system, corn protein showed a clear modification 
of surface amino acids after three-week incubation, comparing to baked tortilla chip (Dong, 
2011). Disulfide cross-link was the dominant type of protein interactions observed in fried chip 
product.  
The interaction between lipid and proteins in low moisture foods could be dependent on many 
factors including water activity and thus the ability of the food components to diffuse and 
interact. There have been few studies on the protein-lipid interaction in low moisture food. 
Studies on the influence of proteins on the oxidative stability of low moisture foods could 
determine if this is a viable antioxidant strategy.   
 
1.5 Future studies on lipid oxidation in low moisture food systems 
Low moisture foods include a wide range of food systems with multiple ingredients that could 
have different lipid oxidation mechanisms. Lipid oxidation in milk powders, dried egg powders, 
microencapsulated oil powders, extruded breakfast cereals and snack foods, and dry pet food 
were recently reviewed (Hu, 2016). From the lipid oxidative stability point of view, the term 
“low moisture” might be too broad to characterize this food category since this term does not 
reflect the different compositions and physical structures of this broad food category. For 
example, porous food systems, such as freeze-dried oil-in-water emulsions, have high oxidative 
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stability at high water activity, but non-porous food systems, such as spray dried whole milk 
powder, have high oxidative stability at low water activity. Sub-categories based on physical 
properties and/or composition might be necessary to categorize food types into groups with 
similar lipid oxidation mechanisms.  
A few studies on the effects of solid fat content, sugars and proteins on lipid oxidation in low 
moisture model food systems showed that their impact is very different from food systems such 
as oil-in-water emulsions. For example, reducing sugars at low concentrations are prooxidants in 
oil-in-water emulsions, but they are antioxidants in low moisture sugar-oil mixture. Proteins are 
effective antioxidants in oil-in-water emulsion at pH values above 6.0. However, in low moisture 
systems, proteins are sometimes oxidized after lipids are oxidized, and hence are unlikely to 
inhibit lipid oxidation. This suggests that antioxidants that are effective in oil-in-water emulsions 
might not show a similar effectiveness in low moisture foods. Due to the inability to translate 
antioxidant research in oil-in-water emulsion food systems to low moisture foods, a systematic 
approach is necessary to determine the application of antioxidants in low moisture food systems. 
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 CHAPTER 2 
ROLE OF SOLID FAT CONTENT IN OXIDATIVE STABILITY OF A LOW 
MOISTURE CRACKER SYSTEM 
 
2.1. Introduction 
Fats and oils play an important role in the structure, mouthfeel, and flavor of bakery products 
(Atkinson, 2011). Fats and oils are also susceptible to lipid oxidation which often determines the 
shelf life of food products. Lipid oxidation starts when a proton is removed from fatty acids to 
form alkyl radicals that then undergo several additional reactions and eventually lead to fatty 
acid decomposition products that cause the off-flavors known as rancidity. Unsaturated fatty 
acids are more prone to oxidation because energy required to remove allylic protons is lower 
than the energy needed to remove protons from saturated fatty acid (McClements & Decker, 
2008). 
Blends of different fats can result in changes in oxidative stability compared to the individual 
fats. The hydroperoxide lag phase of sunflower oil and rice bran oil increased after coconut oil 
was added into these two oils (Bhatnagar, Prasanth Kumar, Hemavathy, & Gopala Krishna, 
2009). A blend of soybean oil and high-oleic sunflower oil or a blend of canola oil and high-oleic 
sunflower oil had higher oxidative stability compared to partially hydrogenated soybean oil or 
partially hydrogenated canola oil with the same amount of linolenate (Frankel & Huang, 1994). 
In addition, the oxidative stability of highly susceptible fish oils could be increased by blending 
it with antioxidant-rich wheat germ oil (Wang & Shahidi, 2017). Blending increases oxidative 
stability of oils high in polyunsaturated fatty acid because concentrations of polyunsaturated fatty 
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acids are decreased when blending with a saturated or monounsaturated fat source as well as 
when the blended fats result in higher antioxidant concentrations.  
Fat blends, however, can have limited applications in some food since they do not provide 
desirable physical characteristics due to uneven melting profiles and separation of solid and 
liquid phases. Fats produced by interesterification are designed to improve the physical 
properties of blended fats because the rearrangement of fatty acids in the triacylglycerols results 
in more even melting behavior. While interesterified lipids have desirable physical 
characteristics, in many cases their oxidative stability has been reported to decrease (Martin, 
Reglero, & Señoráns, 2010). Interesterification method and post process purification are 
important factors because these operations can cause oxidation and/or decrease antioxidant 
concentrations. Fat source, degree of unsaturation and position of fatty acid on glycerol 
backbone also influence oxidative stability of interesterified lipids (Neff, El-Agaimy, & Mounts, 
1994; Neff, Selke, Mounts, Rinsch, Frankel, & Zeitoun, 1992). Due to these variety of factors, it 
is challenging to predict the oxidative stability of interesterified lipids. 
Both blending and interesterification yield physical changes that can impact lipid oxidation, yet 
there have been few studies regarding influence of oxidative stability of fat blends and 
interesterified fats once they are incorporated into food products. The exception is research in 
emulsions that shows that the presence of solid fat could increase oxidation if the fat crystalizes 
and results in migration of liquid fat into surface of oil droplet where it is easily oxidized 
(Okuda, McClements, & Decker, 2005; Tikekar & Nitin, 2011). Alternately, research has shown 
that when a solid layer forms a shell at the emulsion droplet interface (e.g. crystallization of 
surfactants), it can inhibit lipid oxidation by decreasing the ability of water soluble prooxidants 
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to interact with lipids in the core of the emulsion droplet (Ali, El-Sayed, Sylvester, & Nazzal, 
2010; Helgason, Awad, Kristbergsson, Decker, McClements, & Weiss, 2009; D. J. McClements, 
Decker, & Weiss, 2007; Salminen, Helgason, Kristinsson, Kristbergsson, & Weiss, 2013). 
Lipid oxidation in low moisture foods is different from that in other food systems. For example, 
the lag phase of hexanal formation is much longer that the lag phase of hydroperoxides 
formation compared to emulsions, bulk oils, or meats where these two oxidation products had 
similar lag phases (Barden, Vollmer, Johnson, & Decker, 2015). Iron showed little impact on 
oxidative stability of crackers, but it is a strong pro-oxidant in bulk oils and oil-in-water 
emulsions. Hydrophobicity of antioxidants also showed different trends in effectiveness in 
crackers (very hydrophobic 20 carbon antioxidant esters were most effective) (Barden, Barouh, 
Villeneuve, & Decker, 2015) compared to emulsions where surface active antioxidants are most 
effective and bulk oils where hydrophilic antioxidants are most effective (Frankel, Huang, 
Kanner, & German, 1994). 
In low moisture foods, oxidative stability could also be dependent on physical arrangement of fat 
if the solid and liquid fat form multiple phases with different degrees of oxidative stability (e.g. 
different degrees of unsaturation) and/or the physical characteristic of the food product are 
altered in a manner where the fat phase can react less or more with prooxidants such as oxygen. 
Confocal microscopy shows that in low moisture cracker system, fat formed a continuous phase 
surrounding protein, carbohydrate and air pockets (Barden, Vollmer, Johnson, & Decker, 2015). 
It’s unknown if altering solid fat content could influence the organization of lipids in relation to 
other food components which in turn could impact the oxidative stability of the crackers. 
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To our knowledge, no systematic research has been conducted on how solid fat content impacts 
the oxidative stability of low moisture foods. This is important as the type of fats used in these 
products has changed due to the removal of partially hydrogenated fats which are no longer 
listed as generally recognized as safe food ingredients by the Food and Drug Administration in 
the U.S.A. Products such as crackers need solid fat to develop the physical structure of the 
product. Altering the ratios of saturated fatty acid and unsaturated fatty acid in triacylglycerols 
by interesterification (IE) can result in fats with the high solid fat content (SFC) needed for 
baked good. Thus, with the removal of partially hydrogenated fats, interesterified fats are often 
the preferred form of fats for low moisture foods such as crackers.     
In this paper, we aim to determine how SFC affects lipid oxidation in crackers. Experiments 
were preformed using fat blends that varied in SFC yet had similar polyunsaturated fatty acid 
and tocopherol compositions. To better understand how SFC impacts fat distribution, 1-(2,5-
Dimethoxy-phenylazo)-naphthalen-2-ol (citrus red 2) was used as fluorescent molecular rotor to 
characterize the micro-viscosity of the entrapped fat phase in the cracker dough and fat 
distribution images were captured using confocal microscopy. 
 
2.2. Materials and Methods 
2.2.1. Materials 
Fully hydrogenated soybean oil, interesterified soybean oil, regular soybean oil and a 
canola/cotton oil blend were provided by Archer Daniels Midland Company (Decatur, IL). Palm 
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shortening was provided by Cargill, incorporated (Wayzata, MN). Sunflower oil was purchased 
from local grocery store. 
Sodium hydroxide, sodium sulfate anhydrous, hydrochloric acid, methanol, hexane, isopropanol, 
and chloroform were purchased from Fisher Scientific. Dioxane was purchased from Acros 
Organics. Boron trifluoride in methanol (14% w/w), ferrous sulfate, barium chloride, ammonium 
thiocyanate, cumene hydroperoxide, -, - and - tocopherols, and hexanal were purchased from 
Sigma-Aldrich. Bodipy 493/503 was purchased from Invitrogen.  
 
2.2.2. Methods 
2.2.2.1. Fatty acid analysis 
Fats (20 mg) were saponified with 0.4 mL of 0.5 N NaOH in methanol at 100 oC for 5 min 
Samples were cooled down to room temperature and 0.4 ml boron trifluoride in methanol (14%) 
was added and the samples were again heated to 100 oC for 5 min to methylate the fatty acids. 
After methylation, samples were cooled down and 1 ml hexane was added followed by 8.5 ml 
double distilled water. These mixtures were shaken for 10 min and centrifuged at 1000 g for 5 
mins. The organic layer was transferred to a 1.5 ml vial containing an approximately 1 mm layer 
of anhydrous sodium sulfate. Vials were flushed with nitrogen and kept in – 20 oC until fatty acid 
analysis was conducted. 
Fatty acid profile was measured using a GC/MS‐QP2010 SE (Tokyo, Japan). The 
chromatographic separation of fatty acid methyl esters was performed on a Supelcowax 10 
column (100 m × 0.25 mm i.d. × 0.25 μm). Oven initial temperature was 50 C. Oven 
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temperature was then increased 20 °C/min to 200 °C, increased 2 °C/min to 220 °C, and held for 
142.5 min. Temperatures of the injector and flame ionization detector were 250 and 250 oC, 
respectively. Pressure of air, helium, and hydrogen were 80, 120, and 80 psi respectively. Purge 
flow was 3 mL/min, and column flow was 1.5 mL/min. Sample (1 μL) was injected at a split 
ratio of 10:1. Fatty acid methyl esters were identified and quantitated by comparing with 
standards or by their mass spectra and further compared with the National Institute of Standards 
and Technology Mass Spectra Library. 
 
2.2.2.2. Measurement of tocopherol homologs  
Fat samples (50-60 mg) were dissolved in 10 ml hexane and filtered with a 0.2 μm syringe filter 
(Fisher Scientific, Pittsburgh, PA, USA). Each sample (20 μL) was then injected into a Shimadzu 
HPLC system equipped with a Supelcosil LC-Diol column (250 mm × 4.0 mm, 5 μm). The 
mobile phase was a mixture of hexane and dioxane (19:1 v/v) and the flow rate was 1 mL/min. A 
Shimadzu RF-20Axs fluorescence detector was used to detect tocopherol homologs at an 
excitation wavelength of 290 nm and an emission wavelength of 330 nm. Peak integration was 
performed using Shimadzu EZstart software (version 7.2). Tocopherol homologs in the samples 
were identified and calculated based on standard curves prepared with the individual tocopherol 
homologs. 
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2.2.2.3.  Solid fat content measurement 
The solid fat content (SFC) was measured using a TA Instruments Q100 differential scanning 
calorimeter, based on a method described by Márquez (2013). Fats and fat blends (5-10 mg) 
were loaded into aluminum pans and sealed with aluminum lids (TA Instruments, United States). 
An empty pan-lid was used as a reference for each measurement. Samples were cooled to -90 oC 
at 10 oC/min, held at -90 oC in 10 min and heated up to 80 oC at 5 oC/min. Samples were 
measured in duplicate. From the thermograms, the absolute melting energy (E) was measured 
and SFC at a temperature (T) was calculated as below where dT represents the change in 
temperature: 
𝑆𝐹𝐶𝑇 =
∫ 𝐸d𝑇
80
𝑇
∫ 𝐸d𝑇
80
−90
× 100 
2.2.2.4. Fat blends 
Fully hydrogenated soybean oil, interesterified soybean oil, regular soybean oil, canola/cotton oil 
blend, palm shortening, and sunflower oil were subjected for fatty acid analysis and based on 
their fatty acid profile, and fat blends were formulated to have equal 18:2 concentrations. In 
addition, tocopherol concentrations in the blended fats were determined and individual 
tocopherol homologs were added to make the total concentrations equal as well as to make 
tocopherol homolog compositions the same.  
All blends were made by mixing the samples at 90 °C for 5 mins.  Individual tocopherol 
homologs were added after cooling. The final fat blends were stored in -20 °C until use. 
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2.2.2.5. Cracker preparation and storage 
Cracker preparation was adapted from Barden et al. (Barden, Vollmer, Johnson, & Decker, 
2015). A mixture of flour (50.6 wt. %), salt (1.2 wt. %) and baking soda (0.5 wt. %) was added 
to the fat (8.1 wt. %). Ingredients were mixed by a Kitchen Aid mixer (speed 2, model #KSM95, 
Mississauga, Ontario) for 2 min. Water (31.5 wt. %) was added and the resulting dough was 
kneaded by hand with the incorporated with additional flour (8.1 wt. %) to minimize sticking. 
The dough was flattened by a pasta roller (Kitchen Aid KPSA attachment, Mississauga, Ontario) 
and cut into 2.5 cm x 2.5 cm pieces before baking at 163 oC for 21 min. After baking, crackers 
were crumbled using a mortar and pestle, distributed (0.5 g) into acid-washed, 10-ml glass GC 
vials (Supelco Analytical; Bellefonte, PA), and stored at 55 oC in the dark. 
 
2.2.2.6. Measurement of lipid oxidation 
Measurement of lipid hydroperoxides was done using a colorimetric ferric thiocyanate method 
(Shantha & Decker, 1994). Ferrous sulfate (0.1 g) was dissolved in 10 mL double distilled water. 
Barium chloride (0.2 g) was dissolved in 25 mL of 0.4 N HCl. The ferrous sulfate solution was 
mixed with barium chloride solution at a ratio of 1:1 v/v and centrifuged at 3400g for 3 min with 
the supernatant being used as describe below. This solution was prepared fresh each day. 
Cracker samples (0.105 g) were weighed into 10 ml disposal test tubes. A mixture of chloroform 
and methanol (2:1 v/v; 0.5 mL) were added to each sample and centrifuged (3400g) for 10 min 
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and 200 l of the supernatant was mixed with 16.7 μL of the ferrous solution, 3.2 mL mixture of 
chloroform and methanol (2:1 v/v) and 16.7 μl of ammonium thiocyanate (7.5 g ammonium 
thiocyanate dissolved in 25 ml water). The final mixture was vortexed, covered to prevent 
evaporation, and kept in the dark for 20 min for color development. Absorbance was measured at 
500 nm on a Genesys 20 spectrophotometer (ThermoSpectronic; Waltham, MA). Concentrations 
we determined from a standard curve prepared with cumene hydroperoxide. 
Headspace hexanal was measured using solid phase microextraction gas chromatography method 
as described by Barden et al. (2015). Samples (0.5 g) in 10 mL vials sealed with caps containing 
a PTFE/silicone septum (Supelco Analytical, PA, Unites States) were incubated at 55 oC for 10 
min. A 50/30 μm divinylbenzene/carboxen/polydimethylsiloxane solid phase microextraction 
fiber (Supelco, Bellefonte, PA) was inserted through the vial septum and exposed to the sample 
headspace for 2 min at 55oC to absorb volatiles. The volatiles on the SPME fiber were desorbed 
at 250 oC for 3 min in the GC injector. The chromatographic separation was performed using a 
GC-2014 Shimadzu gas chromatograph equipped with a fused-silica capillary column (30 m × 
0.32 mm i.d. × 1 μm) coated with 100% poly(dimethylsiloxane) (Equity-1, Supelco, Bellefonte, 
PA). Oven, injector, and flame ionization detector temperatures were 65, 250, and 250 oC 
respectively. The split ratio was 1:7 and the run time was 10 min. Peak integration was 
calculated using Shimadzu EZstart (version 7.4). Hexanal in methanol was added to freshly 
baked crackers to prepare the standard curve for determination of hexanal concentrations. 
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2.2.2.7. Characterization of micro-viscosity of entrapped fat phase in crackers  
1-(2,5-Dimethoxy-phenylazo)-naphthalen-2-ol (citrus red 2; CR) was used to characterize micro 
viscosity of entrapped fat phase in bulk fats and cracker dough. Steady state fluorescence 
excitation and emission spectra were recorded using a Fluoromax-4 spectrofluorometer 
(HORIBA Scientific, Inc, Edison, NJ, USA). Bulk fats were placed in a 1 mm wide quartz 
cuvette (FireflySci, Inc, Brooklyn, NY, USA). Dough samples (approximately 10 g) were placed 
in the bottom half of a 3 mm deep, 5 cm wide petri plate and a quartz slide cover was put on top 
of the dough. Samples were measured in a front-face mode. The excitation wavelength was set at 
520 nm. Fluorescence emission intensity in counts per second were determined over the range of 
540 to 720 nm. 
To determine the adequate concentration for bulk fats, a series of CR concentrations (0, 0.02, 
0.04, 0.08, 0.10, and 0.15 mM) were used and a long pass cut-on filter of 590 nm was mounted 
to reduce scattering of the excitation light. Both excitation and emission slits were set at 2 nm. 
For cracker dough, concentrations of CR were 0, 0.4, 0.8, and 1.2 mM; and a 550 nm long-pass 
was again used to reduce scattering of the excitation light. Excitation and emission slits were set 
at 1 nm and 4 nm, respectively.  
The emission spectra of the blanks (samples without CR addition) was substracted from that of 
CR containing samples to eliminate background noise. To facilitate comparison within 
experiments, emission intensity was normalized to the range of 0 to 1.  
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2.2.2.8. Confocal microscopy 
BODIPY 493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene, 1 mg) 
was dissolved in methanol (5 mL) and added to the fat samples (10 g). The bodipy added fat was 
then used to make crackers. Confocal images of crackers were captured using a Nikon Confocal 
Microscope (C1 Digital Eclipse, Tokyo, Japan) with a PL FLUOTAR ELWD 20.0 × 0.45 
objective lens. Bodipy was excited at 488 nm by an air-cooled argon ion laser (Model 376 
IMA1010 BOS; Melles Griot; Carlsbad, CA). Emission spectra were collected at 515 ± 30 nm. 
Detector pinhole size was 150 μm. Confocal microscopy images were analyzed using EZ-CS1 
(version 3.8) software (Nikon; Melville, NY), and optical images taken on the same microscope 
were analyzed using NIS-Elements (version 3.0) software (Nikon, Melville, NY). 
 
2.2.2.9. Statistical analysis 
All samples were measured in triplicate and data represent mean values. Statistical analysis was 
performed using a one-way analysis of variance (ANOVA) with comparison means performed 
using Tukey’s Honestly Significant Difference post hoc test (p = 0.05). In all cases, comparisons 
of the means performed using the Minitab Express software, version 1.5.0 (State College, PA, 
USA). Lag phase was determined from day 0 to the onset point of a upward trend. 
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2.3. Results and Discussion  
2.3.1. Oxidative stability of crackers made from solid-liquid oil blend and interesterified 
soybean fat with similar fatty acid profile and tocopherol profile 
Lipid oxidation in foods is impacted by many different factors including fatty acid composition, 
prooxidants types and concentrations (e.g. metals and oxygen) and antioxidant types and 
concentrations (e.g. tocopherols) making it difficult to determine how physical characteristics of 
fats impacts oxidative stability. To determine the impact of how physically different fats impact 
lipid oxidation in crackers, crackers were made with fat blend that was formulated to have 
similar polyunsaturated fatty acid profiles (Table 2.1) with interesterified fat. Tocopherols are the 
major antioxidant in refined oils, so we also added tocopherols to the fats to make two fats have 
the same concentrations of each tocopherol homolog (1073.81 ppm total tocopherols, Table 2.1). 
We made the assumption that all samples would have similar prooxidant concentrations as all 
had the sample level of non-fat ingredients which contain prooxidants such as iron and were 
exposed to the same level of oxygen during storage since the crackers were crushed and exposed 
to over 10 mL of air which is more than enough to start the oxidation (end of the lag phase). 
 Table 2.1 Fatty acid profile, tocopherol profile and solid fat content of a fully hydrogenated 
soybean fat + regular soybean oil blend and interesterified fat that were used to make crackers 
(continued onto next few pages).  
Fat Fat blend: Fully hydrogenated 
soybean fat 17.2% + regular 
soybean oil 82.8 % 
Interesterified 
soybean fat 
Fatty acid profile, % 14:0 0.17 0.00 
16:0 11.50 11.06 
16:1 0.12 0.08 
18:0 18.18 22.19 
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18:1 17.69 14.84 
18:2 43.30 43.27 
18:3 5.82 6.52 
Alpha-tocopherol, ppm  53.72 53.72 
Gamma-tocopherol, ppm  862.86 862.86 
Delta-tocopherol, ppm  157.23 157.23 
SFC at 55 °C, %  17.4 13.7 
 
Blended fats could oxidize differently than interesterified fats in crackers if the 2 fat sources had 
different physical orientations due to separation of fat phases. To test this, a fully hydrogenated 
soybean fat + regular soybean oil blend was formulated to have the same concentration of 18:2 
and tocopherols compositions as the interesterified fat (Table 2.1) such that their chemical 
composition would have similar susceptibility to oxidation. The blended fat and interesterified 
fat had slightly different SFC of 17.4 and 13.7%, respectively.   
The cracker made with the interesterified fat was more oxidatively stable than the cracker made 
with the fat blend as determined by both lipid hydroperoxides and headspace hexanal (Figure 
2.1). The lag phase of the interesterified fat was 3 and 9 days longer than the fat blend for lipid 
hydroperoxides and headspace hexanal, respectively. The observed increase in oxidative stability 
of the interesterified fat could be due to the separation of the liquid oil from the solid fat in the 
fat blend which would produce a fat phase that was more susceptible to oxidation compared to an 
interesterified fat where the unsaturated fatty acids were incorporated throughout the fat so that 
the polyunsaturated fatty acids are not able to separate from the saturated fat.  
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Figure 2.1 Hydroperoxides (left) and hexanal (right) formations in crackers made from fat blend 
and interesterified fat. Data points represent mean ± standard deviation (n=3). 
Confocal microscopy was used to identify if any differences in the lipid phases could be 
observed in the crackers made from fat blend and interesterified fat (Figure 2.2). As was 
observed by Barden et al. (2015), the fat in the crackers formed a continuous phase surrounding 
the starch granules. It was difficult to see large difference in fat distribution although in the fat 
blend, small areas of high-density fat were observed (arrows). These areas of high fat density are 
likely solid fat meaning that the remaining fat in the cracker would be more unsaturated.   
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Figure 2.2 Confocal images of crackers made from a blend of fully hydrogenated soybean fat 
17.2% + soybean oil 82.8 % (left) and interesterified soybean fat (right). 
 
2.3.2. Impact of solid fat content on oxidative stability. 
In the previous experiment, the two fats had similar SFCs, 17.4 to 13.7% at 55 °C. In an attempt 
to further understand how the physical characteristics of the fat in the crackers could impact 
oxidative stability, three blended fats were formulated to have the same 18:2 and tocopherol 
compositions but difference SFC’s: 32.0% (hydrogenated soybean + interesterified soybean, HI), 
24.9% (hydrogenated soybean + sunflower, HS) and 13.2% (palm shortening + sunflower, PS) at 
55 °C, the temperature of incubation in the oxidation studies (Table 2.2). Since blending could 
not make all not all fatty acid concentrations the same, we focused on 18:2 (20%) which is the 
polyunsaturated fatty acid in the highest concentration and is much more susceptible to oxidation 
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than 18:1. Tocopherols were added to make all fat blends have the same concentrations of each 
tocopherol homolog (488.5 ppm total tocopherols, Table 2.2). 
SFC is typically determined in bulk oils. However, food components can impact fat 
crystallization (e.g. free fatty acids, phospholipids and sterols) (Ribeiro, Masuchi, Miyasaki, 
Domingues, Stroppa, de Oliveira, et al., 2015) meaning that solid fat content in bulk oil could be 
different than when the fat is incorporated into a food such as crackers. To test this, we 
characterized the micro-viscisity of fat phase with a molecular rotor fluorescent probe. 1-(2,5-
Dimethoxy-phenylazo)-naphthalen-2-ol (citrus red 2, CR) has been successfully used to 
characterize microenvironments in pure triglycerides and their mixtures with different solid fat 
content (Du, Kim, Corradini, Ludescher, & Rogers, 2014). CR is a molecular rotor which 
consists of two segments that upon photoexcitation can rotate relatively to the other, depending 
on rigidity of surrounding environment. In a less viscous environment, the decay two parts of CR 
rotate relative to the other, that is called twisted intra-molecular charge transfer. In a rigid 
environment, the intra-molecular twisting is restricted, and the molecule undergoes 
predominantly decays radiatively with the consequent emission.  
Initially, the ability of the probe to determine the molecular mobility of the fat was evaluated in 
the hydrogenated soybean + sunflower blend (HS) in the bulk phase. CR was excited at 520 nm 
and its maximum emission peak was identified at 600 nm. The emission intensity of CR 
increased linearly with increasing CR concentrations of 0 to 0.1 mM (Figure 2.3). At higher CR 
concentrations (> 0.1 mM) the emission intensity plateaued which is typical of an inner filter 
effect (Alhassawi, Corradini, Rogers, & Ludescher, 2018; Jameson, 2015) which reduced 
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excitation beam and/or re-absorbed the emitted fluorescence. Therefore, 0.1 mM CR was chosen 
to study microviscosity in all the blended fats.    
Table 2.2 Solid fat content (SFC), composition, fatty acid profile and tocopherol profile of three 
fat blends 
Fat blend Fully hydrogenated 
soybean fat 53.8 % 
+ interesterified 
soybean fat 46.2 % 
(HI) 
Fully hydrogenated 
soybean fat 32.8 % 
+ sunflower fat 
67.2 % (HS) 
Palm shortening 
47.6% + sunflower 
fat 52.4 % (PS) 
SFC at 55 °C, % 32.0 24.9 13.2 
SFC at 25 °C, % 52.3 43.8 32.3 
Fatty acid profile, % 14:0 0.0 0.0 0.5 
16:0 11.6 7.0 23.4 
16:1 0.04 0.1 0.2 
18:0 56.5 30.3 3.6 
18:1 6.9 40.4 50.4 
18:2 20.0 20.0 20.0 
18:3 3.0 0.2 0.2 
Alpha-tocopherol, ppm 200.8 
Beta-tocopherol, ppm 0 
Gamma-tocopherol, ppm 254.6 
Delta-tocopherol, ppm 33.1 
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 Figure 2.3 Left – Normalized fluorescence spectra as a function of citrus red 2 (CR) 
concentration in hydrogenated soybean + sunflower (HS) blend. Right- Normalized maximum 
fluorescence emission intensity of CR at different concentrations in the same fat blend. 
Fats with higher solid fat content had a more intricate structure that restricted movement of 
entrapped liquid fat. In these rigid environments the radiative decay of CR is favored, and higher 
emission intensity are observed (Figure 2.4). Emission intensity of CR in bulk fats was in the 
order of HI (52.3% SFC at room temperature) > HS (43.8% SFC at room temperature) > PS 
(32.3% SFC at room temperature). As mentioned, CR is fat soluble probe and it was successfully 
used to characterize microenvironments in pure triglycerides (Du, Kim, Corradini, Ludescher, & 
Rogers, 2014). CR emission intensity increased with increasing SFC, indicating that CR could 
determine the micro-viscosity of liquid fat trapped in solid fat in commercially available fats. 
CR, therefore, was further utilized to characterize the micro-viscosity of the liquid phase within 
in a fat network in cracker matrices. 
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Figure 2.4 Normalized fluorescence emission spectra of 0.1 mM citrus red 2 (CR) in 
hydrogenated soybean + interesterified soybean blend (HI, 52.3% SFC at room temperature), 
hydrogenated soybean + sunflower blend (HS, 43.8% SFC at room temperature, and palm 
shortening + sunflower blend (PS, 32.3% SFC at room temperature). 
In baked crackers (with and without CR), background fluorescence in the range of study (540 to 
720 nm) was too high so CR emission in baked samples could not be detected (data not showed). 
This could be due to Maillard products that can fluoresce in this same wavelength range 
(Birlouez-Aragon, Nicolas, Metais, Marchond, Grenier, & Calvo, 1998; Leclère & Birlouez-
Aragon, 2001). Therefore, CR emission was measured in the cracker dough. Because CR 
emission is concentration dependent, different CR concentrations was examined to determine an 
appropriate concentration to study in cracker dough. CR emission in the cracker dough increased 
linearly up to concentrations 1.2 mM (Figure 2.5). The concentration of 1.2 mM CR, hence, was 
used to compare CR emission intensity in cracker doughs made from different fat blends at room 
temperature. CR emission intensity of cracker dough that made from different SFC fats was in an 
order: HI (52.3% SFC) > HS (43.8% SFC) > PS (32.3% SFC) (Figure 2.6). These results 
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indicated that the HI blend increased rigidity in cracker dough, and upon photoexcitation, CR 
underwent decay radiatively with the consequent emission. In contrast, the PS blend resulted in 
less restricted cracker environment that allowed excited CR intra-molecular rotate.   
 
 
Figure 2.5 Left- Normalized fluorescence emission spectra of different concentrations of citrus 
red 2 (CR) in cracker dough made from hydrogenated soybean + sunflower (HS) blend. Right- 
Normalized maximum fluorescence emission intensity as a function of CR concentration in 
cracker dough. 
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Figure 2.6 Normalized fluorescence emission spectra of 1.2 mM citrus red 2 in lipid phase of 
cracker doughs made from hydrogenated soybean + interesterified soybean blend (HI, 52.3% 
SFC at room temperature), hydrogenated soybean + sunflower blend (HS, 43.8% SFC at room 
temperature, and palm shortening + sunflower blend (PS, 32.3% SFC at room temperature). 
Compared to CR emission intensity in bulk fat, the emission intensity of CR in cracker dough 
was different. In bulk fats, HI blend (52.3% SFC) had a normalized maximum intensity 5 times 
higher than the PS blend (32.3% SFC). In the cracker dough, however, the HI blend had 
normalized maximum intensity less than 2 times PS. The intensity difference suggested that from 
the same fat, e.g. 32.3% SFC blend, the fat rigidity in cracker dough was higher than it did in 
bulk fat.  
In short, fluorescence technique using CR as probe was successfully used to characterize the 
rigidity of bulk fats and cracker doughs. Three SFC blends in this study showed clear differences 
in rigidity when they were tested in both bulk fats and cracker doughs, showing that the blended 
fats had differences in SFC even when incorporated into the cracker. These fat blends, hence, 
were utilized to study oxidative stability of crackers to determine if the rigidity of cracker matrix 
correlated with its oxidative stability.  
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2.3.3. Oxidative stability of crackers made from three blends that had 20% of 18:2, same 
tocopherol compositions and concentrations, but varied solid fat contents (SFCs) 
To determined how solid fat contact impacted lipid oxidation, the fat blends with difference SFC 
but the same 18:2 and tocopherol concentrations were determined. Crackers made from the three 
fat blends had a same hydroperoxides lag phase (9 days) but different hexanal lag phases (Figure 
7). The HI blend which had the highest SFC (32.0%) resulted in the shortest hexanal lag phase 
(24 days); meanwhile, the PS fat formula which had less than half of SFC (13.2%) under the 
same conditions resulted in the longest hexanal lag phase (45 days), and the middle SFC fat 
(24.9%, HS) resulted in a hexanal lag phase of 33 days. The HI had more 18:3 than the other two 
fat blends which could have made it more susceptible to oxidation. However, the HS and PS had 
the same 18:3 concentrations but had hexanal lag phase which was 9 days different. Overall, this 
data suggests that increasing SFC in the crackers decreased oxidative stability even when 
polyunsaturated fatty acid and tocopherol compositions were the same. This again could be due 
to the greater number of saturated fatty acids in the higher SFC fats crystalizing and forming 
pockets of highly unsaturated fats that are more prone to oxidation. Similar trends have been 
observed in oil-in-water emulsions where the presence of solid fat pushes unsaturated fats to the 
droplet surface where they oxidize faster (Okuda, McClements, & Decker, 2005; Tikekar & 
Nitin, 2011).  
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Figure 2.7 Hydroperoxides (left) and hexanal (right) formations in crackers made from three fat 
blends which had 20% linoleic fatty acid and same tocopherol profile, but various solid fat 
contents at 55 C: 32.0% (hydrogenated soybean + interesterified soybean, HI 
In an attempt to again determine if lipid distribution was different in the crackers with the HI, 
HS, and PS blends, and the confocal images were captured at room temperature after crackers 
were baked. The PS (Figure 2.8) and the HS (Figure 2.9) resulted in a continuous fat phase 
surrounding starch granules and air pockets in crackers. In previous study, interesterified 
soybean fat also resulted in a continuous fat phase surrounding the starch granules in a cracker 
system (Barden, Vollmer, Johnson, & Decker, 2015).  
Different from the other two fats, the highest SFC blend - HI, seemed to have different fat 
distribution in crackers than the other 2 fat blends (Figure 2.10). In the crackers with HI, it was 
harder to see the differentiation of the starch granules. In addition, high intensity fat areas were 
observed (arrows). This again suggests that solid fat segregation occurred which would result in 
separation of saturated and unsaturated fatty acids. This separation could produce areas where 
polyunsaturated fatty acid concentration was elevated thus more susceptible to oxidation. This 
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hypothesis is supported by the CR fluorescence data that showed that the crackers made with HI 
had the highest micro-viscosity.   
Figure 2.8 Confocal images of crackers made from palm shortening + sunflower blend (PS) 
Figure 2.9 Confocal images of crackers made from hydrogenated soybean + sunflower blend 
(HS) 
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Figure 2.10 Confocal images of crackers made from hydrogenated soybean + interesterified 
soybean (HI). 
 
2.4. Conclusions 
Using a cracker system made with fats of varying solid fat content (SFC) but similar 
polyunsaturated fatty acid and tocopherol composition, it was possible to determine how the 
physical properties of lipids impacted lipid oxidation. Overall, increasing SFC increased 
oxidation rates. The most likely reason for this observation is that solidification of the saturated 
fatty acids resulted in a fat phase that was more concentrated in polyunsaturated and thus more 
susceptible to oxidation. This data suggested that interesterifed fats which have less tendency to 
separate into solid and liquid phases could produce low moisture foods less susceptible to lipid 
oxidation.    
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 CHAPTER 3 
EFFECTS OF WATER ACTIVITY, SUGARS, AND PROTEINS ON LIPID OXIDATIVE 
STABILITY OF LOW MOISTURE MODEL CRACKERS 
 
3.1. Introduction 
Crackers along with other grain-based snacks and desserts contribute to a large amount of 
saturated fats in the American diet (National Cancer Institute, 2018). Decreasing consumption of 
saturated fats and increasing consumption of polyunsaturated fats are important to alleviate the 
risk for coronary heart disease (Dietary Guidelines for Americans, 2015). Therefore, substituting 
saturated fats with polyunsaturated fats in foods such as crackers could have a positive impact on 
consumer health. However, this reformulation is challenging because polyunsaturated fats are 
prone to lipid oxidation. In order to develop effective antioxidant technologies to protect 
unsaturated fat from oxidation, understanding lipid oxidation in food systems is critical. To our 
knowledge, only a few studies have investigated lipid oxidation in low moisture food systems, 
such as crackers. 
Low moisture foods have high amount of bound water and low molecular mobility. These food 
systems have multiple phases and interaction between phases is not well understood (Hu, 2016). 
Water activity (aw) is one of factors that could have an impact on lipid oxidation in low moisture 
foods. In some food systems such as freeze dried cellulose coated with methyl linoleate 
(Maloney, Labuza, Wallace, & Karel, 1966), walnuts (Rockland, Swarthout, & Johnson, 1961), 
freeze dried beef (Quaglia, Sinesio, Veccia‐Scavalli, Avalle, & Scalfati, 1988) and potato chips 
(Quast & Karel, 1972), the relationship between aw and oxidation rate is a J-shape relationship. 
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The J-shape curve can be divided into 4 regions (Labuza & Dugan, 1971). When aw is close to 
zero (first region), lipid oxidation rates are intermediate. In the second region, aw = 0.2-0.3 
resulted in the lowest oxidation rates. Further increases in aw in the third region (0.3-0.9) 
increases lipid oxidation. However, when aw is close to 1 (fourth region), lipid oxidation rate is, 
again, reduced.  
However, the J-shape relationship between aw and lipid oxidation does not apply to all food 
systems. For example, wheat flour, macadamia nuts, or dried whole milk powder show different 
relationship between aw and oxidation rate. Wheat flour had highest oxidation rate at aw 0.5 and 
low oxidation rate at aw 0.3 and aw 0.8 (Lee, Lee, & Choe, 2006). Lipid oxidation in macadamia 
nuts increased as aw increased (Cavaletto, Dela Cruz, Ross, & Yamamoto, 1966). Similarly, lipid 
oxidation in dried whole milk powder was lowest at aw lower than 0.2 and become pronounced at 
aw above 0.3 (Stapelfeldt, Nielsen, & Skibsted, 1997). In low moisture crackers, it is unknown 
whether a relationship between aw and lipid oxidation follow the J-shape curve or not.  
Yamauchi et al. (Yamauchi, Aoki, Sugiura, Kato, & Ueno, 1982) found that oxidative stability of 
low moisture model systems can be increased by using reducing sugars such as maltose, 
galactose, glucose, fructose, arabinose, and xylose. In this study, 2 model sugar-oil systems were 
made. The first one was reducing sugars (maltose, galactose, glucose, fructose, arabinose, and 
xylose) blended with methyl linoleate at a same molar concentration. Sugar and methyl linoleate 
were dissolved in ethanol, mixed together and then the ethanol was evaporated. Sugar and 
methyl linoleate samples were incubated in dry condition or in oil-in-water emulsion. In the 
second system, safflower oil was dissolved in ethyl ether followed by addition of sugars and 
cellulose powder and evaporation of the ethyl ether. Oxidation studied were then conducted at 
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relative humidities of 0%, 48% and 96% . Methyl linoleate oxidation was inhibited by reducing 
sugar only in dry condition, but not in oil-in-water emulsion. Safflower oil oxidation was 
inhibited by reducing sugars at humidities of 0% and 48%, but not at humidity of 96%. These 
results suggest that reducing sugars could inhibit lipid oxidation when water activity is low. 
However, these simple model systems do not really represent the chemical and physical 
properties of foods. For example, a sugar to fat ratio = 1 is not common in food products. 
Second, the first model only contains fatty acid methyl esters and sugar and the second contains 
sugar, oil and cellulose. These simple models might not truly represent food systems where sugar 
concentrations are lower than fat and where other compounds exist that might also impact lipid 
oxidation reactions (e.g. proteins and starch).  Therefore, while this preliminary study is 
interesting, it’s still unknown whether sugars can impact lipid oxidation in more complex food 
systems. 
Proteins are food ingredients that have been found to be antioxidants in different food systems. 
Basically, proteins inhibit lipid oxidation by chelating transition metals, scavenging free radicals, 
reducing lipid hydroperoxides and forming complexes with secondary oxidation products 
(reduction of rancidity but not lipid oxidation). These fundamental antioxidant mechanisms of 
proteins have been reviewed (Ryan J. Elias, Kellerby, & Decker, 2008). However, in different 
foods, depending on physical location, proteins can have additional antioxidant mechanisms. In 
oil-in-water emulsions, proteins protect lipid from oxidation by forming a thick or positively 
charged droplet interfaces which inhibit interaction between lipid and prooxidants in water phase 
(Dalgleish, Srinivasan, & Singh, 1995; Dimitrova & Leal-Calderon, 1999; Dimitrova, Leal-
Calderon, Gurkov, & Campbell, 2001; Hu, McClements, & Decker, 2003a). In addition, 
unabsorbed proteins in the water phase bind prooxidative metals and keep them physically 
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separated from the lipid (Berton, Ropers, Viau, & Genot, 2011; Faraji, McClements, & Decker, 
2004; Kargar, Spyropoulos, & Norton, 2011; Ries, Ye, Haisman, & Singh, 2010). In spray dried 
emulsions, proteins can form wall materials that inhibit oxidation by decreasing oxygen transfer 
to the lipid droplets (Matsuno & Adachi, 1993). In low moisture crackers, proteins were 
observed to be interdispersed with lipid and starch (L. Barden, Vollmer, Johnson, & Decker, 
2015), but it is unclear whether the proteins had antioxidant activity.    
Overall, this study aims to reveal effects of 1) water activity, 2) sugars, and 3) proteins on 
oxidative stability of low moisture cracker system. Understanding how these components impact 
lipid oxidation could lead to novel antioxidant strategies that could decrease food waste and 
allow for the incorporation of healthier polyunsaturated fatty acids into low moisture foods. 
 
3.2. Materials and Methods 
3.2.1. Materials 
Interesterified soybean oil was provided by Archer Daniels Midland Company (Decatur, IL) and 
was kept at -20oC until use. Fatty acid composition and tocopherol profile of interesterified 
soybean oil are analyzed and reported in Table 3.1. Baking soda (Arm & Hammer), iodized table 
salt (Morton), all-purpose flour (Gold Medal, original) were purchased from local grocery stores. 
Glucose, maltose, sucrose, maltodextrin, ferrous sulfate, barium chloride, ammonium 
thiocyanate, cumene hydroperoxide hexanal were purchased from Sigma-Aldrich. Chloroform, 
methanol, cyclodextrin, dithiothreitol, guanidine hydrochloride, N-Ethylmaleimide, SnakeSkin 
dialysis tube, and Coomassie Plus (Bradford) Assay Kit were purchased from Fisher Scientific. 
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3.2.2. Methods 
3.2.2.1. Fatty acid analysis 
Fats (20 mg) were saponified with 0.4 mL of 0.5 N NaOH in methanol at 100 oC for 5 min 
Samples were cooled down to room temperature and 0.4 ml boron trifluoride in methanol (14%) 
was added and the samples were again heated to 100 oC for 5 min to methylate the fatty acids. 
After methylation, samples were cooled down and 1 ml hexane was added followed by 8.5 ml 
double distilled water. These mixtures were shaken for 10 min and centrifuged at 1000 g for 5 
mins. The organic layer was transferred to a 1.5 ml vial containing an approximately 1 mm layer 
of anhydrous sodium sulfate. Vials were flushed with nitrogen and kept in – 20 oC until fatty 
acid analysis was conducted. 
Fatty acid profile was measured using a GC/MS‐QP2010 SE (Tokyo, Japan). The 
chromatographic separation of fatty acid methyl esters was performed on a Supelcowax 10 
column (100 m × 0.25 mm i.d. × 0.25 μm).  Oven initial temperature was 50 C. Oven 
temperature was then increased 20 °C/min to 200 °C, increased 2 °C/min to 220 °C, and held for 
142.5 min. Temperatures of the injector and flame ionization detector were 250 and 250 oC, 
respectively. Pressure of air, helium, and hydrogen were 80, 120, and 80 psi respectively. Purge 
flow was 3 mL/min, and column flow was 1.5 mL/min. Sample (1 μL) was injected at a split 
ratio of 10:1. Fatty acid methyl esters were identified and quantitated by comparing with 
standards or by their mass spectra and further compared with the National Institute of Standards 
and Technology Mass Spectra Library. 
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3.2.2.2. Measurement of tocopherol homologs  
Fat samples (50-60 mg) were dissolved in 10 ml hexane and filtered with a 0.2 μm syringe filter 
(Fisher Scientific, Pittsburgh, PA, USA). Each sample (20 μL) was then injected into a Shimadzu 
HPLC system equipped with a Supelcosil LC-Diol column (250 mm × 4.0 mm, 5 μm). The 
mobile phase was a mixture of hexane and dioxane (19:1 v/v) and the flow rate was 1 mL/min. A 
Shimadzu RF-20Axs fluorescence detector was used to detect tocopherol homologs at an 
excitation wavelength of 290 nm and an emission wavelength of 330 nm. Peak integration was 
performed using Shimadzu EZstart software (version 7.2). Tocopherol homologs in the samples 
were identified and calculated based on standard curves prepared with the individual tocopherol 
homologs. 
Table 3.1 Fatty acid profile and tocopherol profile of interesterified soybean oil 
Fatty acid, % 14:0 0.0 
16:0 11.1 
18:0 22.2 
16:1 0.1 
18:1 14.8 
18:2 43.3 
18:3 6.5 
Alpha-tocopherol, ppm 17.1 
Beta-tocopherol, ppm 0 
Gamma-tocopherol, ppm 472.68 
Delta-tocopherol, ppm 60.52 
SFC at 55 °C, % 13.7 
SFC at 25 °C, % 32.0 
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3.2.2.3. Model cracker preparation 
Crackers preparation was adapted from Barden et al. (L. Barden, Vollmer, Johnson, & Decker, 
2015). A mixture of flour (50.6 wt. %), salt (1.2 wt. %), baking soda (0.5 wt. %) was added to 
interesterified oil (8.1 wt. %). Ingredients were mixed by a Kitchen Aid mixer (model #KSM95, 
Mississauga, Ontario) for 2 min. Water (31.5 wt. %) was added and the resulting dough was 
kneaded by hand with the incorporated with additional flour (8.1 wt. %) to minimize sticking. 
The dough was flattened by a pasta roller (Kitchen Aid KPSA attachment, Mississauga, Ontario) 
and cut into 2.5 cm x 2.5 cm pieces before baking at 163 oC for 21 mins. After baking, crackers 
were crumbled using a mortar and pestle, distributed (0.5 g) into acid-washed, 10-ml glass GC 
vials (Supelco Analytical; Bellefonte, PA), and stored at 55oC in the dark. Vials were tightly 
sealed when crackers reached to targeted water activity (within 3 days).  The pH of crushed 
cracker (1 gram) was determined by mixing with 10 mL water and the pH of the resulting slurry 
was measured by Denver Instrument UB-10 pH meter (Denver Instruments). 
 
3.2.2.4. Water activity 
Water activity of crackers were controlled by using saturated salt solutions placed at bottom of 
desiccators. Saturated sodium hydroxide, magnesium chloride, cobalt chloride, and potassium 
bromide solutions were used to adjust water activity of the crackers to 0.05, 0.2, 0.4, and 0.7, 
respectively. Water activity of the crackers was measured with a Decagon Devices AquaLab 
Series 3 water activity meter (Pullman, Washington) using 1 gram of cracker. 
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3.2.2.5. Sugars Addition 
To study effect of sugars on lipid oxidation in crackers, maltose was added to the dry ingredients 
at concentrations of 0, 1.1, 4.4, 7.4, and 13.8 % during cracker formulation. Oxidative stability 
was determined at water activities of 0.05, 0.2, and 0.7. 
Reducing sugars were then tested at the same dextrose equivalence. Dextrose equivalence of 
maltodextrin was measured by Fehling’s solution with methylene blue indicator using Standard 
Method of titration (Lane & Eynon, 1934). Sugar percentages by weight at equal dextrose 
equivalent were 0.6 wt.% glucose, 1.1 wt.% maltose, 2.4 wt.% maltodextrin. Cyclodextrin was 
added at the same weight percentage (2.4 %) as maltodextrin. 
 
3.2.2.6. Determine reducing sugar in crackers 
Glucose standard solution (29.2 mM) was used to titrate 10 mL Fehling’s solution using 
methylene blue as an indicator (Lane & Eynon, 1934), and to complete the titration 263 µmol 
glucose was used. Crackers (25 g) was blended with 120 ml water to extract reducing sugars in 
crackers. Then the extracts titrated 10 mL Fehling’s solution and volumes of the extracts were 
recorded (V). Glucose equivalence of each extract was calculated as below: 
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒 =  
263 µ𝑚𝑜𝑙
𝑉 (𝑚𝐿)
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3.2.2.7. Proteins Addition 
Gluten or casein were added into the dry ingredients at 0, 2.3, 4.7, 7.0, and 9.4 wt. %. Gluten 
added crackers were kept at aw values of 0.05, 0.2, and 0.7 to determine the effect of water 
activity. Casein added crackers were incubated at aw 0.2 which is similar to the water activity of 
commercial crackers. 
 
3.2.2.8. Modification of cysteine in gluten 
Thiol groups in cysteine residues are a major source of antioxidant activity in proteins (R. J. 
Elias, McClements, & Decker, 2005; Møller, Stapelfeldt, & Skibsted, 1998). Therefore, the thiol 
groups in gluten were reduced by dithiothreitol and blocked by N-ethylmaleimide (Crankshaw & 
Grant, 1996) to determine if they are responsible for antioxidant activity. Gluten (3 g) was 
dissolved in a mixture of 0.19M trizma hydrochloride buffer (pH 7; 75 mL), guanidine chloride 
(75 g) and dithiothreitol (0.72 g). Nitrogen was flushed over the surface to remove oxygen in 
headspace for 30 min before gluten sample was incubated at 37 C in the dark for 1 hour. N-
ethylmaleimide (3.01 g) was then added to block cysteine residues in gluten sample. The 
cysteine blocked gluten was flushed with nitrogen again for another 30 min and incubated 1 
more hour in the dark. At the end of incubation, to remove unreacted N-ethylmaleimide, 2-
mercaptoethanol was added into gluten sample, slightly stirred, and kept at 4C overnight before 
dialysis. Cysteine opened gluten was prepared similarly except for the addition of N-
ethylmaleimide.  
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Both samples were placed into SnakeSkin Dialysis bags (3.5K MWCO, Thermo Scientific, IL, 
United States). The ratio of sample to buffer was 1:100 (v/v) and the dialysis was conducted 3 
times for a minimum of 8 hours each time. The dialyzed gluten was freeze-dried using a VirTis 
25L Genesis SQ EL-85 (SP Scientific, New York, USA). Protein concentration after treatment 
was measured using Coomassie Plus (Bradford) Assay Kit in order to add the proteins to the 
model cracker at equal concentrations.  
 
3.2.2.9. Measurement of lipid oxidation 
Lipid hydroperoxides were measured with the colorimetric ferric thiocyanate method (Shantha & 
Decker, 1994). Hydroperoxides were extracted with a 5.0 mL mixture of chloroform and 
methanol (2:1 v/v) which was vortexed with 0.105 ± 0.001 g cracker for 5 sec followed by 
centrifugation at 3400g for 10 min. The solvent layer (200 µL) was mixed with 16.7 μL of a 1:1 
ferrous sulfate and 0.066 M and barium chloride (0.2 g barium chloride in 25 mL hydrochloric 
acid 0.4N) mixture. Then, 3.2 mL mixture of chloroform and methanol (2:1 v/v) and 16.7 μl of 
ammonium thiocyanate 3.94 M were added. The final mixture was vortexed, covered to prevent 
evaporation, and kept in the dark for 20 min. Absorbance was measured at 500 nm by a Genesys 
20 spectrophotometer (ThermoSpectronic; Waltham, MA). Standard curve was plotted by adding 
known cumene hydroperoxide concentrations into freshly baked crushed crackers and analyzed 
using the method described above. 
Headspace hexanal was measured using GC-2014 Shimadzu gas chromatograph (Shimadzu, 
Kyoto, Japan) equipped with a fused-silica capillary column (30 m × 0.32 mm i.d. × 1 μm) 
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coated with 100% poly(dimethylsiloxane) (Equity-1, Supelco) (Panya, Laguerre, Bayrasy, 
Lecomte, Villeneuve, McClements, et al., 2012). Samples were incubated at 55 C for 10 min 
followed by insertion of a 50/30 μm divinylbenzene/carboxen/polydimethylsiloxane 
(DVB/Carboxen/PDMS) solid phase microextraction (SPME) fiber (Supelco, Bellefonte, PA) for 
2 min at 55C to absorb volatiles. The SPME fiber was inserted into the injection port of a GC-
2014 Shimadzu gas chromatograph and the volatiles were desorbed at 250C for 3 min. Oven, 
and flame ionization detector were set at 65 C, and 250 C respectively. Split ratio of GC 
detector was 1:7. Peak integration was calculated using Shimadzu EZstart (version 7.4). Hexanal 
standard was dissolved in methanol at various concentrations before being added into freshly 
baked crushed crackers to make the standard curve. 
 
3.2.2.10. Statistical analysis 
All samples were analyzed in triplicate and repeated a minimum of 2 times. One-way analysis of 
variance (ANOVA) test was used to determine significant differences between data points 
(significant level of p < 0.05). Statistical analysis was calculated by Minitab18 software (State 
College, Pennsylvania, United States). 
Impact of all treatments on lipid oxidation kinetics were determined by measuring lag phases of 
both lipid hydroperoxides and hexanal formation. Lag phase was defined as the first data point 
which was consistently statistically greater than day 0 (p  0.05). 
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3.3. Results and discussion 
3.3.1. Impact of water activity on lipid oxidation in crackers 
Both lipid hydroperoxides, a primary oxidation product, and headspace hexanal, a secondary 
oxidation product, were monitored over time to determine the impact of water activity on lipid 
oxidation lag phases. The water activity (aw) of the crackers immediately after baking was 0.2. 
The crackers were then incubated in desiccators containing saturated salt solutions to produce 
crackers with water activities of 0.05, 0.2, 0.4, and 0.7. Overall, lag phase increased with 
increasing aw for both lipid hydroperoxides and hexanal formation with an exception of 
hydroperoxides formation at aw values of 0.05 and 0.2 which had the same lag phase (Figure 
3.1). Lipid hydroperoxides formed earlier than hexanal which is in agreement with previous 
studies on the cracker model system (Leann Barden, Barouh, Villeneuve, & Decker, 2015; L. 
Barden, Vollmer, Johnson, & Decker, 2015). The delay in hexanal formation compared to 
hydroperoxides has been postulated to be due to the low mobility of metals which restricts their 
ability to decompose hydroperoxides into hexanal. Differences in hydroperoxides and hexanal 
lag phases increased with increasing aw (21, 30, 42 and 45 for water activities of 0.05, 0.2, 0.4 
and 0.7, respectively (Figure 3.2). One would expect transition metal mobility to increase with 
increasing aw which should have decreased instead of increased the difference between 
hydroperoxides and hexanal formations with increasing aw. However, the pH of the crackers was 
6.8 and the solubility of transition metals such as iron tend to be low at neutral pH values 
(Garcia-Casal & Layrisse, 2001) which could also inhibit iron reactivity. Alternately, it has been 
postulated that water can bind to hydroperoxides and inhibit their decomposition which could 
also result in a higher difference in hydroperoxides and hexanal lag phase with increasing aw 
(Chen, Lee, & Schanus, 1992; Maloney, Labuza, Wallace, & Karel, 1966).   
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Figure 3.1 Hydroperoxide formation (left) and hexanal formation (right) in crackers at water 
activities of 0.05, 0.2, 0.4, and 0.7.  Data points represent mean ± standard deviation (n=3). 
 
 
Figure 3.2 Differences between hydroperoxide and hexanal lag phases of crackers at water 
activities of 0.05, 0.2, 0.4, and 0.7. 
 
76 
 
3.3.2. Impact of sugars on lipid oxidation in crackers 
Reducing sugars have been reported to be prooxidative in oil-in-water emulsions at sugar: lipid 
ratios lower than 1:10 w/w and antioxidative at sugar: lipid ratios higher than 3:5 w/w 
(Schroeder & Muffett, 1990). The prooxidant activity has been postulated to be due to the ability 
of reducing sugars to convert Fe3+ into Fe2+, where Fe2+ is a strong prooxidant in emulsions 
(Yamauchi, Goto, Kato, & Ueno, 1984). At high concentrations the ability of sugars to inactivate 
free radicals can overcome their prooxidant activity making them antioxidants.   
To determine if reducing sugars were prooxidants or antioxidants in crackers, cyclodextrin, a 
non-reducing sugar, was compared with different reducing sugars at the same dextrin 
equivalence (glucose, maltose, and maltodextrin at 0.6%, 1.2%, and 2.4%, respectively). 
Cyclodextrin was introduced into cracker at the highest concentration (same as maltodextrin, 
2.4%) to maximize its potential antioxidant activity.  
Glucose, maltose and maltodextrin all increased hydroperoxides and hexanal lag phases at an aw 
of 0.2 (Figure 3.3). Crackers with non-reducing cyclodextrin had the same hydroperoxide lag 
phase and slightly shorter hexanal lag phase than control samples. These results indicated that in 
low moisture crackers, reducing sugars could inhibit lipid oxidation, but non-reducing sugars 
could not. The antioxidant ability of reducing sugars could be attributed to their reducing group 
which could donate electrons to free radicals and thus inhibit oxidation 
As all reducing sugars were added at the same dextrose equivalent, all treatments should have 
had similar lag phases. However, maltose had the longest hydroperoxides and hexanal lag 
phases. Compared to glucose, maltodextrin resulted in shorter hydroperoxides lag phase, but 
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longer hexanal lag phase. Overall, the hexanal lag phases were in an order: maltose > 
maltodextrin > glucose > control.  
Glucose equivalence of cracker extracts was in an order: control (6.7 µmol/mL) < glucose 
cracker (10.5 µmol/mL) < maltodextrin cracker (11.4 µmol/mL) < maltose cracker (15.5 
µmol/mL). The glucose equivalence of control cracker extract (no sugar addition) was likely 
from oligosaccharides in flour. Even though glucose and maltose were added into crackers with 
the same dextrose equivalence or the same number of reducing groups, glucose cracker extract 
had less glucose equivalence than maltose cracker extract. Because carbonyl reactivity is higher 
in hexoses than in disaccharides, glucose could be lost more via redox chemical reactions with 
other components such as amine (e.g Maillard) or ferric iron during baking. Theoretically, 
extract from maltodextrin cracker should have had higher glucose equivalence than maltose 
cracker extract. It is still unclear why glucose equivalence of maltodextrin cracker extract was 
lower than maltose cracker extract but higher than glucose cracker extract. Ultimately, all 
reducing sugars resulted in crackers with glucose equivalence in an order that was same with the 
oxidative stability order.    
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Figure 3.3 Hydroperoxide (left) and hexanal (right) formation in control crackers (no sugar 
addition) and crackers with 0.6% glucose, 1.2% maltose, 2.4% maltodextrin, and 2.4% 
cyclodextrin at a water activity 0.2. Data points represent mean ± standard deviation (n=3) 
 
3.3.3. Impact of concentration and water activity on the antioxidant activity of maltose   
In addition to its greater activity, maltose is less sweet than glucose thus its application could be 
more compatible with non-sweet food such as crackers. Compared to maltodextrin, maltose has 
higher reducing potential on a weight basis, meaning that it could have greater activity at lower 
concentrations. Therefore, antioxidant ability of maltose was further studied as a factor of 
concentrations and water activity. 
Maltose was introduced into crackers at concentrations from 1.1 to 13.8 wt.% resulting in sugar: 
lipid ratios from 1:10 to 7:5 w/w, respectively. The oxidative stability of maltose containing 
crackers was studied at aw values of 0.05 to 0.7. At all aws, maltose increased hydroperoxides and 
hexanal lag phases in the crackers with increasing concentration (Figure 3.4-3.6). For example, 
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at an aw of 0.2, 13.8% maltose increased both hydroperoxides and hexanal lag phases 5 times 
more than 1.1% maltose. 
 
Figure 3.4 Hydroperoxide formation (left) and hexanal formation (right) in crackers fortified 
with maltose 0, 0.8, 3.1, 5.4, and 10.2 % at water activity 0.05. Data points represent mean ± 
standard deviation (n=3). 
Figure 3.5 Hydroperoxide formation (left) and hexanal formation (right) in crackers with 0, 1.1, 
4.4, 7.4, and 13.8 % maltose at a water activity 0.2. Data points represent mean ± standard 
deviation (n=3). 
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Figure 3.6 Hydroperoxide formation (left) and hexanal formation (right) in crackers fortified 
with maltose 0, 0.8, 3.1, 5.4, and 10.2 % at water activity 0.7. Data points represent mean ± 
standard deviation (n=3). 
The antioxidant capacity of maltose depended on the aw of crackers. At an aw of 0.05, low 
maltose concentrations (1.1% and 4.4%) did not change the lag phases of both hydroperoxides 
and hexanal formation compared to the control (Figure 3.4). Antioxidant impact of maltose was 
observed at maltose concentrations of 7.4% and 13.8%. Increasing aw increased the antioxidant 
activity of maltose. For example, at aw 0.2, 1.1% maltose increased both hydroperoxides and 
hexanal lag phases by 9 days (Figure 3.5) and at aw 0.7, 1.1% maltose increased hydroperoxide 
lag phase by 24 days and hexanal lag phase 15 days (Figure 3.6). These results suggest that 
maltose mobility may be an important factor in its antioxidant activity. Alternately, it could be 
possible that maltose could be interacting with proteins during baking to form antioxidative 
Maillard products. However, Maillard reactions tend to decrease with increasing pH and there 
were no observed changes in the color of the crackers within lag phases at the different water 
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activity levels (data not shown) suggesting maltose mobility might be the most important factor 
in its ability to inhibit lipid oxidation. 
Finally, prooxidant activity was not observed at any maltose concentrations regardless of water 
activity whereas sugars can be prooxidative in oil-in-water emulsions (Schroeder & Muffett, 
1990). This could be due to the observations that iron has little impact on lipid oxidation in the 
low moisture crackers (L. Barden, Vollmer, Johnson, & Decker, 2015) so even if the maltose 
could reduce iron, it might not have increased lipid oxidation rates.  
 
3.3.4. Impact of proteins on lipid oxidation in crackers  
Casein has been reported to be an extremely effective antioxidant in other food systems such as 
oil-in-water emulsions at concentrations as low as 0.05% (Allen & Wrieden, 1982; Hu, 
McClements, & Decker, 2003b; Mora-Gutierrez, Attaie, & Farrell, 2010; Ries, Ye, Haisman, & 
Singh, 2010).  However, casein, at concentrations up to 9.4% did not show a significant impact 
on the oxidative stability of the crackers (Figure 3.7) at a water activity of 0.2. Casein at 2.3 and 
4.7% resulted in the same hydroperoxides lag phase and hexanal lag phase as the control (0 % 
casein addition). Higher amounts of casein (7.0 and 9.4 %) again did not increase the lipid 
hydroperoxides lag phase but increased the hexanal lag phase by 3 and 6 days, respectively, 
compared to the control.   
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In oil-in-water emulsions, casein primarily inhibits lipid oxidation by chelating metals in water 
phase (Díaz, Dunn, McClements, & Decker, 2003; Faraji, McClements, & Decker, 2004). In 
cracker system, the low activity of casein again suggests that metals such as iron are not strong 
prooxidants (L. Barden, Vollmer, Johnson, & Decker, 2015).  
 
Figure 3.7 Hydroperoxide formation (left) and hexanal formation (right) in crackers with 0, 2.3, 
4.7, 7.0, and 9.4 % casein at water activity 0.2. Data points represent mean ± standard deviation 
(n=3).   
Gluten was more effective at inhibiting lipid oxidation in the crackers than casein, but its 
antioxidant activity was less consistent than maltose as factors of concentration and water 
activity. At a aw of 0.05, gluten concentrations from 0% to 7.0% resulted in the same 
hydroperoxides and hexanal lag phases as the control. The highest gluten concentration (9.4%) 
only increased hydroperoxides lag phase by 3 days, but still resulted in the same hexanal lag 
phase (Figure 3.8). At a aw 0.2, the oxidative stability of crackers increased with increasing 
gluten concentrations from 2.3 to 7.0 %, but then decreased when gluten concentration was 
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increased to 9.4% (Figure 3.9). At a aw of 0.7, A similar relationship between gluten 
concentration and oxidation lag phases was also observed as at a aw 0.2. However, in this case 
the highest antioxidant activity was observed at a gluten concentration of 4.3% and a gluten 
concentration of 9.4% produced prooxidant activity with hexanal formation with a lag phase 7 
days less than the control (Figure 3.10).   
Figure 3.8 Hydroperoxide formation (left) and hexanal formation (right) in crackers with 0, 2.3, 
4.7, 7.0, and 9.4 % gluten at water activity 0.05. Data points represent mean ± standard deviation 
(n=3).   
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Figure 3.9 Hydroperoxide formation (left) and hexanal formation (right) in crackers with 0, 2.3, 
4.7, 7.0, and 9.4 % gluten at water activity 0.2. Data points represent mean ± standard deviation 
(n=3). 
 
Figure 3.10 Hydroperoxide formation (left) and hexanal formation (right) in crackers with 0, 2.3, 
4.7, 7.0, and 9.4 % gluten at water activity 0.7. Data points represent mean ± standard deviation 
(n=3). 
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The low ability of gluten to inhibit lipid hydroperoxides and hexanal formation at a aw of 0.05 
again suggests that the lack of mobility at low water concentrations could decrease antioxidant 
activity as was seen with maltose (Figure 3.4). When comparing the activity of gluten at aw 
values of 0.2 and 0.7, the gluten was more effective at a water activity of 0.2 as can be seen by 
the ability of 2.3% gluten to inhibition lipid oxidation whereas this concentration was ineffective 
at a water activity of 0.7. At aw values of 0.2 and 0.7, gluten’s ability to inhibit lipid oxidation 
decreased at 9.4 and 7.0% gluten respectively. It is unclear what would decrease the antioxidant 
activity of high concentrations of gluten but this could be due aggregation of the protein that 
would decrease the surface exposure of antioxidant amino acids thus limiting their ability to 
interact with lipid radicals and thus decrease the formation of both lipid hydroperoxides and 
hexanal.  
Proteins primarily inhibit lipid oxidation by metal chelation and free radical scavenging.  The 
increased antioxidant activity of gluten compared to casein could be due to its high amount of 
cysteine, a well-known free radical scavenger. To test this, gluten was modified to block it’s free 
sulfhydryls with N-ethylmaleimide so that the sulfhydryl groups could not inhibit lipid oxidation. 
The no-gluten control had lipid hydroperoxide and hexanal lag phases of 12 and 36 days. Gluten 
that was treated with guanidine chloride and dithiothreitol produced hydroperoxides and hexanal 
lag phases of 21 and 54 days, respectively (Figure 3.11). Blocking the sulfhydryls with N-
ethylmaleimide decreased the antioxidant activity of the gluten with hydroperoxides and hexanal 
lag phases of 16 and 52 days. These data suggest that the sulfhydryl group of cysteine in gluten 
were able to inhibit lipid oxidation in a model cracker system. To our knowledge, this is the first 
time that the sulfhydryl groups in gluten can inhibit lipid oxidation in a low moisture food like 
cracker. Previous studies in milk powder have shown that the sulfhydryls of β-lactoglobulin can 
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inhibited oxidation by donating H atom to lipid peroxyl radicals (Walstra, Jenness, & Badings, 
1984). Sufhydryls from cysteine in β-lactoglobulin have also been shown to inhibit lipid 
oxidation in oil-in-water emulsions (R. J. Elias, McClements, & Decker, 2005). Egg-york protein 
hydrolysates was reported to increase peroxides lag phase of cookies containing linoleic acid 
(Sakanaka, Tachibana, Ishihara, & Raj Juneja, 2004). In this study, the antioxidant activity of 
egg-york protein hydrolysates was attributed to their amino acid sequence. The protein 
hydrolysates amino acid sequences, however, were not identified, leaving it unclear which 
function groups attributed to the antioxidant activity. In our study, it should be noted that 
antioxidant activity was observed even when cysteine was block by N-ethylmaleimide 
suggesting that the thiol group in cysteine residues was not the only contributor to antioxidant 
activity of gluten.  
 
Figure 3.11 Hydroperoxide formation (left) and hexanal formation (right) in crackers without 
protein addition (control) and with 2.3 % cysteine opened gluten, or cysteine blocked gluten at 
water activity 0.2. Data points represent mean ± standard deviation (n=3). 
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3.4. Conclusions 
Relationship between water activity (aw) and lipid oxidation in low moisture crackers does not 
follow the J-shape relationship observed for several other foods as increasing aw from 0.05 to 0.7 
resulted in decreasing lipid oxidation rates. Reducing sugars such as glucose, maltose, and 
maltodextrin increased the oxidative stability of the crackers while non-reducing clyclodextrin 
had no antioxidant activity. Gluten was an active antioxidant at water actives of 0.2 and 0.7.  
High gluten concentrations resulted in decreased antioxidant activity. At least part of the 
antioxidant activity of gluten was due to sulfhydryl groups. Overall, this research showed that the 
oxidative stability of model crackers can be improved by decreasing water activity and addition 
of reducing sugars and certain proteins. 
 
3.5. References 
Allen, J. C., & Wrieden, W. L. (1982). Influence of Milk Proteins on Lipid Oxidation in 
Aqueous Emulsion: I. Casein, Whey Protein and α-Lactalbumin. Journal of Dairy Research, 
49(2), 239-248. 
Barden, L., Barouh, N., Villeneuve, P., & Decker, E. (2015). Impact of Hydrophobicity on 
Antioxidant Efficacy in Low-Moisture Food. Journal of Agricultural and Food Chemistry, 
63(24), 5821-5827. 
88 
 
Barden, L., Vollmer, D., Johnson, D., & Decker, E. (2015). Impact of Iron, Chelators, and Free 
Fatty Acids on Lipid Oxidation in Low-Moisture Crackers. Journal of Agricultural and Food 
Chemistry, 63(6), 1812-1818. 
Berton, C., Ropers, M.-H., Viau, M., & Genot, C. (2011). Contribution of the Interfacial Layer to 
the Protection of Emulsified Lipids against Oxidation. Journal of Agricultural and Food 
Chemistry, 59(9), 5052-5061. 
Cavaletto, C. G., Dela Cruz, A., Ross, E., & Yamamoto, H. Y. (1966). Factors affecting 
macadamia nut stability. I. I. [Chicago]. 
Chen, H., Lee, D. J., & Schanus, E. G. (1992). The Inhibitory Effect of Water on the Co2+ and 
Cu2+ Catalyzed Decomposition of Methyl Linoleate Hydroperoxides. Lipids, 27(3), 234-239. 
Dalgleish, D. G., Srinivasan, M., & Singh, H. (1995). Surface Properties of Oil-in-Water 
Emulsion Droplets Containing Casein and Tween 60. Journal of Agricultural and Food 
Chemistry, 43(9), 2351-2355. 
Díaz, M., Dunn, C. M., McClements, D. J., & Decker, E. A. (2003). Use of 
Caseinophosphopeptides as Natural Antioxidants in Oil-in-Water Emulsions. Journal of 
Agricultural and Food Chemistry, 51(8), 2365-2370. 
Dietary Guidelines for Americans. (2015). U.S. Department of Agriculture and U.S. Department 
of Health and Human Services. In 8th ed. Washington, DC: U.S. Government Printing Office, 
December 2015. 
89 
 
Dimitrova, T. D., & Leal-Calderon, F. (1999). Forces between Emulsion Droplets Stabilized 
with Tween 20 and Proteins. Langmuir, 15(26), 8813-8821. 
Dimitrova, T. D., Leal-Calderon, F., Gurkov, T. D., & Campbell, B. (2001). Disjoining Pressure 
vs Thickness Isotherms of Thin Emulsion Films Stabilized by Proteins. Langmuir, 17(26), 8069-
8077. 
Elias, R. J., Kellerby, S. S., & Decker, E. A. (2008). Antioxidant Activity of Proteins and 
Peptides. Critical Reviews in Food Science and Nutrition, 48(5), 430-441. 
Elias, R. J., McClements, D. J., & Decker, E. A. (2005). Antioxidant Activity of Cysteine, 
Tryptophan, and Methionine Residues in Continuous Phase Beta-Lactoglobulin in Oil-in-Water 
Emulsions. Journal of Agricultural and Food Chemistry, 53(26), 10248-10253. 
Faraji, H., McClements, D. J., & Decker, E. A. (2004). Role of continuous phase protein on the 
oxidative stability of fish oil-in-water emulsions. Journal of Agricultural and Food Chemistry, 
52(14), 4558-4564. 
Garcia-Casal, M. N., & Layrisse, M. (2001). The Effect of Change in pH on the Solubility of 
Iron Bis-Glycinate Chelate and Other Iron Compounds. Archivos Latinoamericanos De 
Nutricion, 51(1), 35-36. 
Hu, M., McClements, D. J., & Decker, E. A. (2003a). Impact of Whey Protein Emulsifiers on the 
Oxidative Stability of Salmon Oil-in-Water Emulsions. Journal of Agricultural and Food 
Chemistry, 51(5), 1435-1439. 
90 
 
Hu, M., McClements, D. J., & Decker, E. A. (2003b). Lipid Oxidation in Corn Oil-in-Water 
Emulsions Stabilized by Casein, Whey Protein Isolate, and Soy Protein Isolate. Journal of 
Agricultural and Food Chemistry, 51(6), 1696-1700. 
Kargar, M., Spyropoulos, F., & Norton, I. T. (2011). The Effect of Interfacial Microstructure on 
the Lipid Oxidation Stability of Oil-in-Water Emulsions. Journal of Colloid and Interface 
Science, 357(2), 527-533. 
Labuza, T. P., & Dugan, L. R. (1971). Kinetics of Lipid Oxidation in Foods. C R C Critical 
Reviews in Food Technology, 2(3), 355-405. 
Lane, J. H., & Eynon, L. (1934). Determination of Reducing Sugars by Fehling's Solution with 
Methylene Blue Indicator. London: N. Rodger. 
Lee, Y., Lee, J., & Choe, E. (2006). Effects of Flour Storage Conditions on the Lipid Oxidation 
of Fried Products During Storage in the Dark. Food Science and Biotechnology, 15(3), 399-403. 
Maloney, J. F., Labuza, T. P., Wallace, D. H., & Karel, M. (1966). Autoxidation of Methyl 
Linoleate in Freeze-Dried Model Systems. I. Effect of Water on the Autocatalyzed Oxidation. 
Journal of Food Science, 31(6), 878-884. 
Matsuno, R., & Adachi, S. (1993). Lipid Encapsulation Technology - Techniques and 
Applications to Food. Trends in Food Science & Technology, 4(8), 256-261. 
Møller, R. E., Stapelfeldt, H., & Skibsted, L. H. (1998). Thiol Reactivity in Pressure-Unfolded β-
Lactoglobulin. Antioxidative Properties and Thermal Refolding. Journal of Agricultural and 
Food Chemistry, 46(2), 425-430. 
91 
 
Mora-Gutierrez, A., Attaie, R., & Farrell, H. M. (2010). Lipid Oxidation in Algae Oil-in-Water 
Emulsions Stabilized by Bovine and Caprine Caseins. Journal of Agricultural and Food 
Chemistry, 58(8), 5131-5139. 
National Cancer Institute. (2018). Mean Intake of Solid Fats & Percentage Contribution (kcal) of 
Various Foods Among U.S. Children & Adolescents, by Age, NHANES 2003-04. In: 
https://epi.grants.cancer.gov/diet/foodsources/solid_fats/table1a.html (accessed Nov. 2018). 
Panya, A., Laguerre, M., Bayrasy, C., Lecomte, J., Villeneuve, P., McClements, D. J., & Decker, 
E. A. (2012). An Investigation of the Versatile Antioxidant Mechanisms of Action of 
Rosmarinate Alkyl Esters in Oil-in-Water Emulsions. Journal of Agricultural and Food 
Chemistry, 60(10), 2692-2700. 
Quaglia, G. B., Sinesio, F., Veccia‐Scavalli, D., Avalle, V., & Scalfati, G. (1988). Effect of 
Water Activity on Oxidative Deterioration of Freeze‐Dried Beef. International Journal of Food 
Science & Technology, 23(3), 241-246. 
Quast, D. G., & Karel, M. (1972). Effects of Environmental Factors on the Oxidation of Potato 
Chips. Journal of Food Science, 37(4), 584-588. 
Ries, D., Ye, A., Haisman, D., & Singh, H. (2010). Antioxidant Properties of Caseins and Whey 
Proteins in Model Oil-in-Water Emulsions. International Dairy Journal, 20(2), 72-78. 
Rockland, L. B., Swarthout, D. M., & Johnson, R. A. (1961). Studies on English (Persian) 
Walnuts, Juglans Regia .3. Stabilization of Kernels. Food Technology, 15(3), 112-115. 
92 
 
Sakanaka, S., Tachibana, Y., Ishihara, N., & Raj Juneja, L. (2004). Antioxidant activity of egg-
yolk protein hydrolysates in a linoleic acid oxidation system. Food Chemistry, 86(1), 99-103. 
Schroeder, L. R., & Muffett, D. J. (1990). Beverages Containing Fish Oils Stabilized with 
Fructose. In: Google Patents. 
Shantha, N. C., & Decker, E. A. (1994). Rapid, Sensitive, Iron-Based Spectrophotometric 
Methods for Determination of Peroxide Values of Food Lipids Journal of AOAC International, 
77(2), 421-424. 
Stapelfeldt, H., Nielsen, B. R., & Skibsted, L. H. (1997). Effect of Heat Treatment, Water 
Activity and Storage Temperature on the Oxidative Stability of Whole Milk Powder. 
International Dairy Journal, 7(5), 331-339. 
Walstra, P., Jenness, R., & Badings, H. T. (1984). Dairy Chemistry and Physics. New York: 
Wiley. 
Yamauchi, R., Aoki, Y., Sugiura, T., Kato, K., & Ueno, Y. (1982). Effect of Sugars and Sugar 
Analogs on Autoxidation of Methyl Linoleate and Safflower Oil. Agricultural and Biological 
Chemistry, 46(12), 2997-3002. 
Yamauchi, R., Goto, Y., Kato, K., & Ueno, Y. (1984). Prooxidant Effect of Dihydroxyacetone 
and Reducing Sugars on the Autoxidation of Methyl Linoleate in Emulsions. Agricultural and 
Biological Chemistry, 48(4), 843-848. 
93 
 
Chapter 4 
CONCLUSIONS 
 
Low moisture crackers are a complex and multi-phase food system. In this multi-phase system, 
lipid interacts with carbohydrate, protein, and water. Lipid solidification in cracker system could 
lead into a separation of solid and liquid lipid impacting lipid oxidation reactions. Hence, lipid 
oxidation is affected by physical characteristic of the lipid phase, reducing sugars, gluten and 
water activity. High solid fat content fat results in crackers that are more susceptible to oxidation. 
This is likely due to the saturated fat crystalizing resulting in the remaining fat higher in 
polyunsaturated fatty acids and thus increased oxidative susceptibility. Reducing sugars 
including glucose, maltose and maltodextrin increased the oxidative stability of lipids in crackers 
and no prooxidant effect was observed; whereas in oil-in-water emulsions reducing sugars are 
antioxidant only at high concentrations and become prooxidant at low concentrations. Casein did 
not affect lipid oxidation in crackers, even though it is an antioxidant in oil-in-water emulsions. 
Instead, non-water-soluble gluten had antioxidant ability in low moisture cracker and cysteine in 
this molecule partly attributes to its antioxidant activity. The antioxidant activity of both maltose 
and gluten increasing with increasing water activity. Overall, manufacturers can utilize results to 
increase oxidative stability of low moisture crackers. One strategy is to choose fats which have 
less tendency to separate into solid and liquid phases, e.g. interesterifed fats. Another strategy 
could be utilizing reducing sugars, certain proteins, and water activity. 
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